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ABSTRACT 
Emulsion-type raw and cooked pork sausage with different fat content or fatty acids 
was prepared to determine the effect of irradiation on lipid and cholesterol oxidation, color 
changes, and volatile production during storage. Lipid oxidation increased with the increase 
of fat content or irradiation dose in both raw and cooked pork products. Irradiated batters had 
higher cholesterol oxide content than non-irradiated, and the major cholesterol oxides formed 
in raw irradiated pork batters were 7a- and 7P-hydroxycholesterol. Hunter a- and b-values of 
both raw and cooked pork products in aerobic packaging decreased with irradiation 
regardless of fat content. In vacuum packaging, however, irradiated cooked pork sausage had 
higher Hunter a-values than nonirradiated. Irradiation significantly increased the amount of 
1-heptene, 1-nonene, and total volatile compounds in raw and cooked pork sausage. The 
amounts of 1-heptene and 1-nonene were not associated with TEARS values of pork sausage 
but were closely related to irradiation dose. In both irradiated and nonirradiated pork sausage, 
aerobic packaging produced more volatile compounds during storage than did vacuum 
packaging. The production of aldehydes, ketones, and alcohols in aerobic-packaged pork 
sausage were not influenced by irradiation at 0-day storage. However, irradiation accelerated 
lipid oxidation and increased the amounts of aldehydes, ketones, and alcohols during storage. 
The TEARS of aerobic- or vacuum-packaged sausage prepared with lard were higher 
(p<0.05) than the sausage prepared with flaxseed oil likely a result of the high tocopherol 
content in flaxseed oil. 
To investigate the distinction between volatile compounds related to oxidized flavor 
and irradiation odor, and to understand the mechanisms of off-odor production in irradiated 
meat on a chemical basis, oil emulsions containing amino acids or proteins were analyzed. 
IX 
The increase of aldehydes (e.g. hexanal, heptanal, octanal, and nonanal, p<0.05) in the oil 
emnlsion after irradiation indicated that irradiation accelerated lipid oxidation of the oil 
emulsion model system containing amino acids, glutathione, bovine serum albumin, gelatin, 
or myofibrillar proteins. Irradiation also produced new volatile compounds from amino acids 
(e.g., leucine, valine, isoleucine, phenylalanine, methionine, and cysteine) via radiolytic 
degradation. These radiol)^c compounds along with lipid oxidation by-products may be the 
major sources of ofip-odor from irradiated meat. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Microbial pathogens in food cause between 6.5 million and 33 million cases of 
human illness and up to 9,000 deaths in the United States each year, and the estimated annual 
cost of human illness caused by food-bome pathogens ranges from $5.6 billion to $9.4 billion 
(Buzby and Roberts, 1995). Irradiation is one of the best methods to control pathogenic 
microorganisms in meat and meat products. The Food and Drug Administration (FDA) 
approved irradiation for poultry and red meats to control food-bome pathogens and extend 
product shelf-life (Gants, 1998). Low-dose (<10 kGy) irradiation can kill at least 99.9% of 
salmonella in poultry and an even higher percentage of E. coli 0157:H7 (Olson, 1998). 
However, one of the major concerns with irradiating meat is its effect on. lipid oxidation and 
off-odor production. 
The fundamental lipid oxidation mechanisms in irradiated meat are not fully 
understood, but are likely to be similar to those in non-irradiated meat. Therefore, the 
susceptibility of irradiated muscle tissues to lipid oxidation is closely related to the nature, 
proportion, degrees of saturation in fatty acids, and the composition of phospholipids in cell 
membrane (Gray et al., 1996). Ang and Lyon (1990) reported that hexanal and pentanal had a 
strong correlation v^th TEARS and off-odor related to lipid oxidation in meat. However, 
lipid oxidation alone cannot produce the characteristic irradiation odor because meat 
uradiated in an oxygen impermeable package, which theoretically stops lipid oxidation, still 
produces irradiation odor. 
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Radiolysis and lipid oxidation may be the two most probable reaction mechanisms by 
which off-odor volatile compounds can be generated from irradiated meat. However, 
irradiation dose-dependent generation of hydroxyl radicals and the initiation of lipid 
oxidation in biological systems are more suggestive than conclusive. Also, the exact nature 
and identity of volatile compounds that contribute to irradiation-induced off-odor are not 
known. 
This study was designed to deteraiine quality changes such as lipid and cholesterol 
oxidation, color changes and off-odor generation in irradiated fresh and cooked meat 
products. The fundamental chemical basis for volatile production by irradiation also was 
studied using amino acids and other biological compounds. Without information on the 
mechanisms and sources of off-odor volatile compounds, it will not be possible to develop 
methods to minimize negative effects of irradiation on meat quality. 
Dissertation Organization 
This dissertation is in an alternative style format composed of an abstract, a general 
introduction, a general review of literature, four manuscripts prepared for publication, and a 
concluding summary. The four manuscripts represent the work done by the first author to 
flilfill requirements for the degree of Doctor of Philosophy. The first paper was prepared 
according to the Journal of Food Quality style guide and the second paper was prepared 
according to the Meat Science style guide. The third and fourth papers were prepared 
according to the Journal of Food Science style guide followed by a general conclusion. 
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CHAPTER 2. GENERAL LITERATURE REVIEW 
Lipid Oxidation 
Overview 
Lipid oxidation is one of the major causes of quality deterioration in meat products. 
Lipid oxidation is a complex process whereby unsaturated fatty acids react with molecular 
oxygen via a free radical chain mechanism, form fatty acid acyl hydroperoxides, generally 
called peroxides or primary products of the oxidation (Gray, 1978). Lipid oxidation is 
initiated when a labile hydrogen atom is abstracted from a site on fatty acyl chain (RH) to 
form fatty acyl radical (R-)^ which reacts rapidly with oxygen to form a peroxyl radical 
(ROO-). The peroxyl radical propagates the chain reaction by abstracting a hydrogen atom 
from another hydrocarbon chain, yielding a hydroperoxide (ROOH) and a new free radical 
that can propagate the chain reaction (Halliwell and Gutteridge, 1989). Hydroperoxides are 
degraded to generate complex mixtures of aldehydes, ketones, hydrocarbons, esters, furans, 
and lactones, responsible for rancid flavor (Ladikos and Lougovois, 1990). The chain 
reaction can be terminated by the interaction of free radicals to form inert non-free radical 
products. 
Initiation (I): RH + -OH —)• R» + HjO 
Propagation (II): R* + Oj -> R00« 
ROO- + RH ^ ROOH + R-
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Termination (III): ROO» + ROO* -> ROOR + O2 (inert product) 
R- + R« ^ R, (inert product) 
ROO* + R* -> ROOR (inert product) 
Where, RH - any unsaturated fatty acids 
R* = a free radical formed by loss of a labile hydrogen 
ROO* = a lipid peroxyl radical 
ROOH = a lipid peroxide or a lipid hydroperoxide. 
Wierbicki (1980) showed that reducing temperature and oxygen level reduced the 
undesirable oxidative changes in meat. Since peroxides are the primary products of oxidation, 
peroxide values can be considered a potential quality indicator of lipid oxidation (Woyewoda 
et al., 1986). Figure 1 illustrates, for example, the various decomposition pathways of alkoxy 
radicals derived form monohydroperoxides to form many volatile compounds which were 
responsible for oxidized-odor characteristic. 
The major oxidation pathway of unsaturated fatty acids involves a self-catalj^ic free 
radical mechanism (autoxidation) that accounts for the chain reaction formation and 
decomposition of hydroperoxides. However, the origin of initial free radicals necessary to 
begin the process has been difficult to explain. Singlet oxygen is a satisfactory active species 
for initiation of the free radical chain reaction. Singlet oxygen could be formed by a 
photochemical reaction in the presence of sensitizers and can react with lipids 1,450 times 
faster than the ground-state triplet oxygen. The excited sensitizer produces singlet oxygen, 
which reacts with the unsaturated fatty acids to form hydroperoxides. The hydroperoxides 
Cn*i •Ikwnot 
|rh 
CH.(CM.)„CH»CH-0' 
|-6h 
CH,(CH,)„CHaCH-OOH 
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I-6(1 
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OH 
» ' 
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,/ tl 
•7 
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001) 
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Figure 1. Decomposition of alkoxy radicals (RO*) derived from nionohyroperoxides and forming aroma volatiles. Example A is 
RO* where R is Saturated; example B is RO* Where R has one double bond; example C is R0» Where R has an allylic system; and 
example D is RO* where R is a diene (Macleod, 1994). 
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ecompose to form free radicals, which enter the chain reaction of lipid oxidation (Lillard, 
1987). 
S + hv-> 'S* + ^S* 
'O2* + 'S 
'O2* + RH ^ ROOH 
where 'S = singlet state sensitizer; 'S* = excited singlet state sensitizer; ^S* = excited 
triplet state sensitizer; = ground state triplet oxygen; 'O2* = excited singlet state 
oxygen; RH = unsaturated fatty acid; ROOH = hydroperoxide. 
Hydroperoxides formed by singlet oxygen are different from those formed by free radical 
mechanisms. However, once hydroperoxides are formed, the free radical chain reaction 
predominates in further oxidation. 
Factors Affecting Lipid Oxidation 
Fatty acid composition 
The nature, proportion, and degree of unsaturation of fatty acids present in lipid or 
food systems will indicate the approximate susceptibility of those products to oxidative 
deterioration. Generally, the higher the proportion and degree of unsaturation in fatty acids, 
the more labile the lipid system is to oxidation. 
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Rhee et al. (1996) reported that if lipid oxidation during TEARS assay could be 
prevented or minimized, then raw red meats would have higher TEARS than raw chicken 
meats due to differences in heme pigments. In cooked muscle, mean TEARS was higher in 
chicken muscle than red meats indicating that higher Upid oxidation potential for cooked 
chicken than cooked beef and pork muscles. This could be explained by differences in the 
content of polyunsaturated fatty acids. Phospholipids are believed to play a major role in the 
development of warmed-over flavor in precooked meats during storage (Gray and Pearson, 
1987). Cooking not only inactivates catalase and denatures heme proteins as suggested by 
Han et al. (1993) but also denatures membrane and exposes phospholipids to outer 
environments. Thus, the amount and the composition of fatty acids in cooked meat have 
greater affect on development of oxidation than those in raw meat. 
Heme or free ionic iron and other metals 
Free ionic iron plays a major role in the initiation of lipid oxidation. In aerobic 
aqueous solution, ferrous ion can generate 'OH and Otf", potent initiators of lipid oxidation 
(Minotti and Dust, 1987). Ionic iron also plays an important role in lipid oxidation by 
catalyzing the degradation of hydroperoxides, the primary by-products of lipid oxidation. 
Heavy transition metals such as cobalt, copper, iron, manganese, and nickel possessing two 
or greater valance states generally increased rate of oxidation of food lipids (Ingold, 1962). 
Their basic function is also to increase the formation of peroxjd radicals. Pure 
hydroperoxides are fairly stable at physiological temperature, but their decomposition is 
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accelerated in the presence of iron to form alkoxyl (RO*) and peroxyl (ROO*) radicals 
(Minotti and Dust, 1987; Halliwell and Gutteridge, 1990). 
Meat contains free ionic iron as well as heme iron. Many research results show that 
nonheme iron plays an important role in accelerating lipid oxidation of meat. Transition 
metals, particularly those possessing two or more valency states with a suitable oxidation-
reduction potential between them, are major prooxidants. Johns at al. (1989) reported that 
Fe^'^-forms of hemoprotein were the most active catalysts of lipid oxidation in meat. 
However, Sato and Hegarty (1971) presented evidence that nonheme iron, rather than heme, 
was responsible for rapid oxidation in cooked meat. When iron, as FeCIj or FeClj, was added 
to meat that had been extracted with water to remove myoglobin, lipid oxidation was 
enhanced. Rhee (1988) also reported that iron is a major catalyst of lipid oxidation in muscle 
foods. Cooking, mechanical processing, and the addition of salt to meat during processing 
significantly increased the release of free ionic iron from heme pigments and other iron-
binding macromolecules and promoted lipid oxidation in meat (Chen et al., 1984; Ahn et al., 
1993). 
Enzymes 
While it is generally accepted that lipid oxidation in muscle foods is non-enzymatic in 
nature, enzymatic systems associated with muscle microsomes are also involved in the 
oxidation of muscle foods (Love, 1983). Lin and Hultin (1976) showed that chicken breast or 
leg muscle microsomes produced malondialdehyde when incubated with appropriate 
components (NADH or NADPH, ADP and iron) of an oxidation system. 
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Ionizing radiation or UV-light 
In meat, free ionic iron released from iron-binding macromolecules may react with 
hydrogen peroxide and forms hydroxyl radicals (H0-). The presence of oxygen facilitates the 
propagation step of lipid oxidation as well as the generation of superoxide anion and 
hydrogen peroxide (Diehl, 1995). Therefore, oxygen greatly accelerates irradiation-induced 
lipid oxidation. UV-light also generates free radicals by photolysis of water (McCord and 
Fridovich, 1973), and the reaction is similar to that of the ionizing radiation. Natural 
antioxidants such as flavonoids (e.g., quercetin, rutin, and catechin) and hydroxycinnamic 
acid derivatives (e.g., caffeic acid and ferulic acid) have metal-chelating (Nardini et al., 1995) 
and UV-absorbing characteristics (Graf, 1992). These characteristics can be important factors 
for the antioxidant activities of natural compounds. Chen and Ahn (1998) reported that 
although free radical-scavenging capability of antioxidants was the most critical, UV-
absorption and/or Fe"^-chelation properties of natural phenolics also contributed significantly 
to the control of lipid oxidation induced by UV or Fe"^ in oil system. 
Antioxidants 
Antioxidants are substances that can delay the onset or progress of oxidative changes 
in meat by scavenging free radicals or quenching chain reactions in very small quantities. 
Antioxidant-free radical complexes are more stable than other radical intermediates, and thus 
they do not propagate chain reaction. Effective antioxidants are predominantly phenolic 
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compounds. The free radical quenching abilities of phenolic compounds are related to their 
tendencies to donate hydrogen atoms. 
Phenolic antioxidants can be divided into two groups - synthetic and natural (Pearson 
and Gray, 1983). Strong free radical scavengers such as butylated hydroxytoluene (BHT) 
were reported to be effective antioxidants for both raw and cooked meat (Ahn et al., 1993). A 
mixture of 20% butylated hydroxyanisol (BHA), 6% propyl gallate (PG), and 4% citric acid 
prevented oxidation in mechanically deboned chicken (Greene et al., 1971). Similarly, 
tertiary butylhydroquinone (TBHQ) offered protection against lipid oxidation in restructured 
beef steaks during more than 12 months of frozen storage (Crackel et al., 1988). Phenolic 
compounds in foods include simple phenols and phenolic acids, hydroxycirmamic acid 
derivatives, and flavonoids (Ho, 1992). These phenolic compounds are widely distributed in 
plants, often at very high concentrations. Biochemical evidences indicate that the nutritive 
antioxidants such as a-tocopherol, p-carotene, ascorbic acid, and selenium can inhibit or 
delay the onset of atherosclerosis and cancer (Decker, 1995). Our previous study indicated 
that sesamol, quercetin, and BHT were effective in preventing lipid oxidation in both 
irradiated raw and cooked pork during storage while rosemary, oleoresin, and rutin were 
effective only in irradiated raw pork for 3 days (Chen et al., 1999). Enrichment of muscle 
tissues with vitamin E using dietary supplementation of D-tocopheryl acetate reduced or 
prevented the onset of lipid oxidation in meat during storage (Sheehy et al., 1991; Ahn et al., 
1997). 
In addition to dietary supplementation of vitamin E, effects of dietary conjugated 
linoleic acid (CLA) on lipid oxidation of animal products have been studied recently. CLA is 
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a term given to a group of linoleic acid (18:2) isomers in which the double bonds are 
conjugated. Among various CLA isomers, 9-cis, 1 \-trans isomer composed of 73-93% of 
total CLA (Decker, 1995), and products from animals fed CLA enriched diet had lovv^er 
oxidative changes than the control (Ha et al., 1987). Hov/ever, the slow^ oxidative changes in 
CLA products should be derived from the increased saturation and decreased 
polyunsaturation of fatty acids in the products (Du et al., 1999) rather than the antioxidant 
effect of CLA. 
Oxidation of cholesterol 
The oxidation of cholesterol in meats and other foods has received considerable 
attention recently. Because cholesterol is a molecule with an unsaturated or double bond and 
is prone to oxidation (Paniangvait et al., 1995). It is sensitive to free radical oxidation by 
oxygen in air. In addition to promoting the oxidation of unsaturated fatty acids, processing 
conditions such as heating and long-term storage of meat accelerate the formation of 
cholesterol oxidation products (COPs) (Smith, 1987). Various hydroxylated cholesterol 
derivatives are potent inhibitors of HMG-CoA reductase in aortic cells (Peng et al., 1979). 
Therefore, inhibition of cholesterol biosjoithesis by these compounds can cause cell death 
because of membrane dysfimction (Gibbons, 1983). The amounts of lipid and cholesterol 
oxidation products were positively correlated in cooked pork (r = 0.88, Monahan et al., 
1992). Galvin et al. (1998) reported, however, dietary supplementation of a-tocopheryl 
acetate significantly reduced the formation of COPs in meat during storage. 
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Food Irradiation 
Overview 
Radiation refers to the physical phenomenon in which energy travels through space or 
matter, such as food. Food irradiation is the process that applies this energy to a material to 
sterilize or preserve. The type of radiation most useful for this purpose is ionizing radiation. 
This form of radiation contains very high levels of energy that can eject electrons from their 
orbitals, resulting in the formation of charged, or ionized particles (Olson, 1995). To produce 
a predictable, precise amount of ionizing energy necessary to achieve an adequate exposure, 
four sources of radiation including cobalt-60, cesium-13 7, electron beam, and X-ray 
generator, are used. Each of these sources has specific advantages and disadvantages. 
Two irradiation sources, cobalt-60 and electron beam, are commercially in use. The 
advantages of cobalt-60 are; 1) high penetration and good dose uniformity, allowing 
treatment of products of variable size, shape and density; 2) a long history of satisfactory use 
in similar applications; 3) ready availability, and 4) low environmental risk. Disadvantages 
include; 1) 12% of the source must be replaced annually because of its short half-life, 5.3 
years; and 2) a rather slow processing rate compared with electron beam irradiation (Jarrett, 
1982). 
The major advantage of linear accelerator and X-ray generators compared with the 
gamma irradiators is that they can simply be turned off when not in use. Additional 
advantages of linear accelerators include; 1) does not need to be replenished; 2) ready 
availability; 3) established history of use, and 4) a high throughput rate. However, 
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disadvantages are also present. They are; 1) the complexity of the machine and the 
consequent need for regular maintenance, and 2) the large requirements for power and 
cooling. 
The formation of an ion pair of opposite charges results in bond-breakage in 
molecules and forms new substances. If the ionizing radiation carries sufficient energy and 
can penetrate the nucleus of an atom, it may induce radioactivity. Therefore, the ionizing 
radiation used on foods is limited to gamma rays or other rays with energy up to 5 MeV, and 
to electrons with energy up to 10 MeV (Urbain and Cambell, 1986). 
The unit of absorbed dose by irradiation is represented as gray (Gy), which is 
equivalent to 1 joule/kg. The gray can be converted to rad (radiation absorbed dose) as the 
unit of absorbed dose. One gray is equivalent to 100 rads (WHO, 1994). 
Why is Irradiation Important? 
The Centers for Disease Control (CDC) estimated that approximately 6.5 million 
cases of food-borne diseases of microbiological and parasitic origin occur in the U.S. each 
year. Furthermore, the economic impact caused by food supplier losses, law suits, and 
consumers' medical and hospital costs is also tremendous (Todd, 1989). The major food 
sources causing the outbreaks of food-bome diseases are meats, eggs, dairy products, fruits, 
vegetable, and seafood. After long history of food safety and preservation technology, the 
Food and Drug Administration (FDA) approved irradiation for poultry and red meats. Federal 
acceptance of food irradiation validates that appropriate absorbed doses of radiation 
effectively kill pathogenic bacteria and delay food spoilage (Olson, 1998). 
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Irradiation can provide numerous advantages to meat processors, such as reduction of 
food-bome pathogens, decontamination, improvement of quality, reduction of chemical and 
toxic residues by reducing the use of nitrite or other chemical preservatives (Urbain, 1989). 
No induced radioactivity or unique radiolytic products have been reported so far ; fiirther 
insignificant amount of nutrients and quality changes have been observed (Sapp et al., 1995). 
Therefore, irradiation may be the best method to control pathogenic microorganism in foods. 
Mechanism of Food Irradiation 
Radiation destroys microorganisms by partial or total inactivation of genetic material 
in living cells either by its direct effects on DNA or through the production of radicals and 
ions that attack DNA indirectly (WHO, 1994). Food irradiation under the recommended 
conditions does not involve the reaction of atomic nucleus, but the electron cloud 
sxirrovmding the nucleus which initiates a chemical reaction. The consequences of irradiation 
on biological materials are the sum of direct or primary, and indirect or secondary effects 
(Moseley, 1989). The primary effects are non-specific and are produced by energetic 
electrons. They randomly hit any structure in the path of the incident or Compton electrons, 
without preference for particular atoms or molecules. It may result in one or more of three 
outcomes; ionization (removal of an electron), dissociation (loss of a hydrogen atom), or 
excitation (raising of the molecule to a higher energy level). For example, when energetic 
electrons pass through a sample of methane they cause primary effects. A strong interaction 
of the incident or Compton electrons with the methane molecule may cause ionization by 
removing an electron (e"), or dissociation by splitting off a hydrogen atom. A weak 
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interaction may cause excitation of electrons, in which electrons have merely been promoted 
from low to higher internal energy levels. The product of ionization reaction is a cation and a 
free radical. Free radicals have an unpaired electron and are usually very reactive. Because of 
the high reactivity of the free radicals produced as a result of the primary effect, the 
secondary effects will occur. The free radicals may undergo radical reactions such as 
recombination, electron capture, or dimerization. Disproportionation may also occur. Which 
products will predominate depends on various experimental conditions such as dose, dose 
rate, and temperature. The presence of oxygen or water and relative amounts of those can 
have a profound influence on the radiolytic process, producing a substance which may not 
have been present originally (WHO, 1994; Diehl, 1995; Woods and Pikaev, 1995). 
While primary effects are largely nonspecific, secondary effects depend on specific 
chemical structures. A substance which readily reacts with free radicals is known as a 
scavenger, whereas a substance that produces a more reactive radical, is a sensitizer. Energy 
is likely to be absorbed in the parts of the molecule with the greatest variation in electron 
density or where the bonds are weakest. Therefore, the products resulting from irradiation, 
heating, or other forms of energy input are often identical or similar (Diehl, 1995). 
In biological systems, DNA is the most critical target of irradiation eilthough other 
cellular components may also be affected. The direct effect of irradiation on nucleic acid 
molecules is either ionization or excitation. Indirect effects of irradiation on DNA includes 
excitation of water molecules, which then diffuse to the medium and may contact with 
chromosomal materials. An exposure of bacterial cells to 0.1 kGy irradiation resulted in 2.8% 
DNA damage whereas 0.14% of the enzymes and 0.005% of the amino acids were altered 
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with the same dose (Diehl, 1994). Brynjoifsson (1981) suggested a formula that estimates the 
probability of molecular changes on irradiation at a given dose. 
X = 10"^ X G X M X D, 
where, X = average number of changes per molecule on irradiation; G = number of changes 
per 100 eV of absorbed energy (G < 4 in aqueous system); M = relative molecular mass; and 
D = dose in kGy. 
Consumer Acceptance 
Irradiation of meat, including poultry, pork and beef, has been approved by the U. S. 
Food and Drug Admistration (FDA). The most important issue for industry to use irradiation 
technology in meat is consumer acceptance of irradiated meat. Presently, only a small 
amount of irradiated meat are sold in the U. S. However, industry will respond when enough 
consumers express interests in irradiated meat (Sapp, 1995). 
Pazczola (1993) reported that four groceries easily sold their initial supplies of 
irradiated poultry in independent marketing. Combined results of other products (Bruhn and 
Noell, 1987; Diehl, 1995) indicated that enough consvmiers would purchase irradiated foods. 
Resurreccion and Galvez (1999) recently reported that consumer awareness of food 
irradiation increased significantly during past few years (Bruhn and Schutz, 1989; 
Resurreccion et al., 1995). However, consumers were still uncertain whetlier irradiation is 
safe for use in food. Lusk (1999) reported that females, older consumers, and those with 
lower education and income levels tend to be more concerned about the effects of irradiation. 
They also found that even minimal information on food irradiation could lead to significantly 
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less concern about buying irradiated foods. Hashim et al. (1996) also reported that education 
has a strong impact on consumer acceptance of irradiated meat, and suggested that initial 
marketing efforts for irradiated beef should be targeted to younger men with high levels of 
education and income, who are relatively heavy beef eaters. 
Chemistry of Food Irradiation 
Factors Influencing Radiolysis 
Oxygen availability 
Oxygen availability during irradiation is an important factor on radiolytic process. In 
equilibrium with air, water contains small amounts of dissolved oxygen. Oxygen can be 
reduced by hydrogen atoms to hydroperoxyl radical ("OHj), a mild oxidizing agent, in 
equilibrium with superoxide anion radical ('Oj')- Both hydroperoxyl and superoxide radicals 
can produce hydrogen peroxide in the presence of oxygen. Because these reactions consume 
oxygen, irradiation with electron beams at higher than about 0.6 kGy creates an anaerobic 
condition. Gamma sources, however, do not create anaerobic conditions because gamma 
sources delivers a radiation dose at a much lower dose rate than electron accelerators. 
Therefore, the overall effect of electron beam irradiation on a material could be different 
from that of gamma irradiation at the same dose because of the difference in dose rate (WHO, 
1994; Diehl, 1995). 
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pH 
Many equilibrium reactions are pH-dependent. At low pH, hydrated electrons are 
rapidly scavenged by hydrogen ions and converted to hydrogen atoms. Therefore, an acidic 
medium would favor the disappearance of e'^^, while an alkaline medium would favor the 
formation of e'^^by the reactions below (Diehl, 1995). 
Perhydroxyl radical is a minor product when pure water is irradiated, but can be 
formed in relatively large amounts when air or oxygen is present. Perhydroxyl radical is 
dissociated at pH 4 or higher to give superoxide anion, generally an oxidizing radical (Wood 
andPikaev, 1994). 
Temperature 
Temperature can have significant effects on the formation of radiolytic products, and 
the effects are mostly indirect (Tarte, 1996). Proctor and O'Meara (1951) studied the 
retention of L-ascorbic acid in oxalic acid solution exposed to 3 MeV electron rays and found 
that freezing had a strong protective effect. The reactive intermediates of water radiolysis 
were trapped in deep-frozen materials and thus were kept from reacting with each other or 
with the substrates. During the warming process they reacted preferentially with each other 
rather than with the substrates (Diehl, 1995). 
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Effects of Irradiation on Major Food Components 
Water 
Water is a major component of foods and the content ranges from 60 to 75% in meat 
or meat products. Thus, effects of irradiation on water is very important. Water forms a 
number of radiolytic products, including hydroxyl radicals ("OH), hydrated electrons (e'^q), 
hydrogen atoms (•!!), hydrogen molecules (Hj), hydrogen peroxide (HjOJ, and hydrated 
protons (HjC), each of which may react with food components (WHO, 1994). Among the 
radiol5^c products, hydroxyl radical is a powerfiil oxidizing agent whereas the hydrated 
electron is a strong reducing agent. Hydrogen peroxide and hydrogen are produced in small 
quantities even when irradiation doses are high because they are largely consumed. 
Therefore, water can be used as a radiation shield in the water pools of gamma sources 
(Diehl, 1995). The radiation chemistry of water and the radiolysis of other polar liquids such 
as liquid ammonia and alcohols are similar. This is because of similar influence of the polar 
character on the reactions of the electron and other charged species produced on irradiation 
(Woods and Pikaev, 1994). 
Indirect effects of irradiation predominate in dilute solutions (less than 0.1 M), but 
direct effects predominate in concentrated solutions (>1 M) (Diehl, 1995). At a given 
irradiation dose, a substance dissolved in water is damaged more than the pure, dry 
substances because of the high reactivity of intermediate radical species. Vas (1969) reported 
that pepsin had a high radiation resistance when irradiated in the dry state, but the enzyme 
was largely inactivated when irradiated in dilute solution. The higher the concentration of the 
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solute, the fewer solute molecules find reaction partners. Delincee and Radola (1974) 
reported that the activity of horseradish peroxidase was reduced by irradiation when diluted 
from 1% to 0.5% solution. This increase of radiation sensitivity with increasing dilution is 
known as the dilution effect. If competing solutes such as scavengers are present, the 
destruction of enzyme will be reduced (Proctor et al., 1952). 
Carbohydrates 
Carbohydrates are sensitive to irradiation both in dry state and in solution. In foods, 
however, carbohydrates are protected against radiation damage by protein, amino acids, and 
radiolytic decomposition products (Wood and Pikaev, 1994). The major effect of irradiation 
on carbohydrates is the degradation of glycosidic bonds. Radiolytic degradation of 
polysaccharides occurs when radiolytic radicals cause oxidation and hydrolysis of glycoside 
linkages. This attack on the glycosidic linkages results in the cleavage of saccharide unit(s) 
and the breakdown of complex carbohydrates (Murano, 1995). Irradiation of sugars in 
vacuum does not yield significant amounts of small molecules such as formaldehyde, 
glyoxal, and glyceraldehyde because chain scission requires high doses (minimum 50 kGy). 
Instead, the radiolytic products from irradiated sugar in vacuum are mainly derived from the 
reactions of 'OH with sugar, which leads to the oxidation of hydroxyl groups (Schubert, 
1973). Hydroxyl radicals ('OH) abstract predominantly a hydrogen atom of C-H bonds and 
form a water molecule (Diehl, 1995). Since 'OH radicals can abstract a hydrogen atom from 
all six carbons of glucose, a variety of reaction products can be formed. 
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Reducing the size of carbohydrates is not unique to irradiation, but is common to 
most types of processing treatments. Some of the radiolytic products formed from 
carbohydrates include sugar acids and ketones. Holsten et al. (1965) found that the pH of 
irradiated sucrose solution in near-vacuum states dropped from pH 7.0 to pH 3.3 after 
irradiation at 2 Mrad (20 kGy). In glucose solution, a dose of 25 kGy also resulted in a 
decrease of 3 pH units (Diehl, 1995). It is presumed that the decreases in the pH of irradiated 
sugar solutions are caused by the formation of sugar acids. If solid sugar crystals are 
irradiated in the presence of air, helium, or oxygen, only 0.3% of glucose and fructose are 
decomposed. When sucrose solution was irradiated, however, about 2% of sugar was 
decomposed and resulted in bigger pH drop. The higher the radiation dose, the lower the pH 
drops (Schubert, 1973). However, when carbohydrates are irradiated as components of food, 
they are much less sensitive to radiation than in pure form because of the protection by 
proteins (Diehl, 1995). 
The changes of oligosaccharides to monosaccharides and polysaccharides to smaller 
units by uradiation can have both positive and negative effects on the utilization of sugars. 
For example, irradiation can increase the susceptibility of starch and cellulose to hydro lytic 
enzymes. On the other hand, irradiation may reduce the gelling properties of pectin and the 
viscosity of starch, and causes softening of celluloses in fruits and vegetables. (Urbain, 1986; 
CAST, 1986). 
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Lipids 
Triglyceride 
In contrast to radiation chemistry of proteins and carbohydrates in which radiol>lic 
activity is mainly related to water, fat is not influenced by the radiolysis of water because 
triglycerides are virtually insoluble in water (WHO, 1994). Therefore, fat is directly 
influenced by irradiation, and forms cation radicals or excited molecxiles. The main initial 
reaction of cation radical formation is deprotonation, followed by dimerization, or 
disproportionation. Attachment of electrons followed by dissociation and decarbonylation, or 
dimerization of fatty acids also occurs. 
The major non-oxidative radiolytic products of irradiated fat in the absence of oxygen 
are carbon dioxide, hydrogen and carbon monooxide, a series of hydrocarbons and 
aldehydes. The hydrocarbons formed by irradiation are mainly Cn., alkane, one carbon less 
than the parent fatty acids, and C„.2.i which has a double bond in position 1, and two carbon 
atoms less than the parent fatty acids (Nawar et al., 1996). These products are the major 
compounds that are used to detect irradiated food products (Lembke et al., 1995). 
Villavicencio et al., (1997) found that the production of these compounds from radiolysis of 
lipids are dose-dependent. In the presence of oxygen, however, autoxidation of lipids occurs 
in addition to radiolysis. Irradiation of unsaturated fatty acids accelerates autoxidative change 
and produces a nimiber of oxygen-containing products such as hydroperoxides and carbonyl 
compounds (Nawar, 1977). The composition of triglycerides determines the formation and 
yield of main hydrocarbons formed (Nawar, 1977). For example, the main hydrocarbons 
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formed from tripalmitin are tetradecane and 1-tetradecene, and those formed from tristearin 
are heptadecane, hexadecane, pentadecane, and 1-hexadecene. Studies have indicated that the 
near carboxyl group is the preferential cleavage of saturated triglycerides (Nawar, 1977; 
Vajdi et al., 1978) while the double bond site is the preferential cleavage of unsaturated 
compounds (Delincee, 1983a) by irradiation. 
The degree of unsaturation of fatty acid does not necessarily determine the 
radiosensitivity of lipids. The anomaly observed is that micellar linoleic acid is much more 
prone to radiation-induced peroxidation than linolenic or arachidonic acid, although the latter 
are more susceptible to autoxidation (Raleigh et al., 1977). The conventional heating 
produced similar volatile compounds to irradiated model system in oxygen-free environment, 
in both qualitatively and quantitatively (Dubravcic and Nawar, 1968; Letellier and Nawar, 
1972). Products wdth higher molecular weight than the parent fatty acids such as dimeric C2(„. 
,) alkane, symmetric ketone (Cn.,)2C0, and a, a'-dehydro-dimeric products are also formed. 
However, these changes by irradiation affect less than 0.2% of the total lipids at absorbed 
doses up to 50 kGy and do not change the nutritional values of the food. In meats, oxidative 
changes in lipids appear to be small. It is believed that proteins or products of protein-
carbohydrate interaction have an antioxidant effect on lipids, which increases v^th radiation 
dose (WHO, 1994). 
Phospholipids 
Although phospholipids are a minor component of total lipids, they are very 
important for radiolysis by irradiation because of their high polyunsaturation. Nawar and 
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Handel (1978) reported that the compounds produced from dipahnitoyl-
phosphotidylethanolamine irradiated at 50 kGy dose were typical radiolytic products of fatty 
acids and consistent with the suggested mechanism of radiolysis. In a model liposome 
system, prepared with phospholipids extracted from biological membranes, fatty acid 
composition of lipids was markedly altered as a result of irradiation at 0.1 kGy dose 
(Konings et al., 1979). In this study, arachidonic acid (20:4) and docosahexanoic acid (22:6) 
were the most vulnerable fatty acids to irradiation under aerobic conditions. 
Amino acids, peptides, and proteins 
The major reactions taking place in amino acids following irradiation in the presence 
of water include the abstraction of hydrogen atoms from the stem carbon, reductive 
deamination, disproportionation, decarboxylation, and reactions between intermediates of 
water radiolysis (WHO, 1994). 
The prevalence of ammonia and pyruvic acid in irradiated samples indicates that 
deamination plays a greater role than decarboxylation. Generally aromatic and sulfiir-
containing amino acids are the most susceptible amino acids to irradiation. Cysteine, cystine, 
and methionine act as free radical scavengers. They react more readily with free radicals than 
the aliphatic amino acids. (Delincee, 1983b). Hydrogen abstraction from cysteine forms 
cysteine radical and produces hydrogen, hydrogen sulfide, and cystine. When cystine is 
irradiated, splitting of disulfide bridge is the most important reaction (Diehl, 1995). 
Phenylalanine and tyrosine, the aromatic amino acids, also react readily with the transient 
species of water radiolysis, but the hydrox>'lation of the aromatic ring is the principal 
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reaction. In case of phenylalanine, o-, m-, and p-tyrosine are formed by irradiation. Simic 
(1981) explained that the reaction of electron adducts to aromatic residues would produce 
hydrogenated derivatives, thus benzene rings can be converted to cyclohexadiene derivatives. 
Histidine belongs to radiation-sensitive amino acids, and the deamination of histidine 
produces ammonia from both imidazole ring and side chain. It has been reported that the 
radiation-induced dimerization of amino acids leads to the formation of a, a'-diamino-
dicarboxylic acids. This compound is not normally found ta plant and animal proteins except 
for cystine (Delincee, 1983b). Thus, the determination of this compound also can be used as a 
detection method for irradiation treatment. 
The radiation chemistry of peptides is similar to that of its component amino acids, 
but of course peptide bonds influence the reactions. Amino acids susceptible to radical attack 
are often much less sensitive when they are deeply buried in a protein structure because they 
are more or less inaccessible to radical reaction. In addition to the scission of C-N bonds in 
the backbone of polj^eptide chains, other reactions such as splitting of disulfide bridges can 
cause degradation of large polypeptides to smaller ones (Diehl, 1995). 
Radiation results in protein denaturation such as changes in secondary and tertiary 
structure rather than destruction of constituent amino acids. Diehl (1995) concluded that this 
denaturation is much less extensive than that caused by heating. He explained that sterilized 
foods by high-dose irradiation would undergo enzymatic spoilage unless inactivated by 
blanching because of the resistance of endogenous enzymes. 
The viscosity of a fibrous protein solution decreases by irradiation (Diehl, 1995). 
However, globular proteins irradiated in dilute solutions undergo aggregation reactions. 
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resulting in increase of viscosity (Delincee and Radola, 1975). Radiation-induced aggregation 
decreases solubility of proteins. Uzunov et al. (1972) reported a 30% decrease of protein 
solubility in beef irradiated at 10 kGy dose. Interestingly, when aqueous solutions of amino 
acids or proteins are treated v^th ultrasound, the reaction products are largely the same as 
those observed after irradiation (Krishna-Murali, 1988). 
Vitamins 
Vitamins are unique in that they are small molecules and are found only in small 
quantities, but are essential for normal biological function. Therefore, their 
functionality/availability after irradiation becomes important. Studies showed that the losses 
of vitamins by irradiation are greater in pure solution than in complex medium because of the 
protective action of other food components (WHO, 1994). Water-soluble vitamins react with 
the radiolytic products of water, while fat-soluble vitamins react with free radicals formed by 
the radio lysis of lipids. Of the water-soluble vitamins, thiamine (B,) is the most radiation-
sensitive. While cobalamin (B,2), folacin, and pantothenic acid are quite resistant to 
irradiation-induced destruction, riboflavin (Bj), niacin (Bj), pyridoxine (Bg), and biotin are 
only moderately affected by irradiation (Wood and Pikaev, 1994). Vitamin C is unique 
because it is easily destroyed or converted to dehydroascorbic acid by ionizing radiation. 
However, dehydroascorbic acid has nearly the same reactivity as the native form of vitamin 
C. In addition, vitamin C can act as an antioxidant providing a protective effect to other food 
constituents against free radical attacks. Vitamin A and vitamin E are the only fat-soluble 
vitamins affected by irradiation. Vitamin E (a-tocopherol) is the most radiation sensitive and 
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can act as an antioxidant against irradiation-induced changes. Vitamin D does not undergo 
any radiolytic change up to a dose of 50 kGy. 
Effect of Irradiation on Meat Quality 
Lipid and Cholesterol Oxidation 
Ionizing radiation generates hydroxyl radicals and may increase the rate of lipid 
oxidation. Breakdown products of lipid oxidation, such as carbonyl compounds, 
hydrocarbons, and fiirans can contribute to flavor deterioration of muscle products. A good 
correlation was obtained between sensory scores and total volatile compovmds, hexanal, and 
TBARS values in meat (St. Angelo and Bailey, 1987). When molecules absorb ionizing 
energy they become very reactive and form ions or free radicals. These irons and free radicals 
react and form stable radiolytic products (Woods and Pikaev, 1994). Besides, irradiation 
could produce a large amount of hydroxyl radicals in meat because over 75% of muscle cells 
are composed of water (Thakur and Singh, 1994). The primary autoxidation is followed by a 
series of secondary reactions that lead to the degradation of lipids and produce complex 
mixtures of compounds responsible for the sensory defects in meat products (Ladikos and 
Lougovois, 1990; Murano, 1995). 
Thayer et al. (1993) reported that irradiation dose, processing temperature, and 
packaging conditions strongly influence microbial and nutritional quality of meat. Irradiation 
-induced oxidative changes are dose-dependent, and the presence of oxygen has a significant 
effect on the rate of oxidation (Katusin-Razem et al., 1992). Ahn et al. (1998a) reported that 
irradiation and high fat content accelerated lipid oxidation in raw meat during storage. Ahn et 
al. (1998b) also showed that preventing oxygen exposure after cooking was more important 
than packaging and irradiation for the development of lipid oxidation in cooked meat during 
storage. Vitamin E supplementation in diet (more than 200 lU/kg feed) decreased lipid 
oxidation of irradiated raw turkey meat significantly (Ahn et al., 1997). Natural antioxidants 
such as sesamol, quercetin, and butylated hydroxytoluene (BHT) were effective in preventing 
lipid oxidation in both irradiated raw and cooked pork during the 7-day storage (Chen et al., 
1999). Irradiation at 1.5 to 10 kGy dosage increased TBARS values in turkey breast and fish 
muscle when aerobic or vacuum packaged in oxygen permeable bags (Al-Kahtani et al., 
1996; Hampson et al., 1996). However, Chen et al. (1999) reported that irradiation before 
cooking did not influence lipid oxidation of cooked pork during storage. Lee et al. (1996) 
reported that pre-rigor beef, irradiated with an absorbed dose of 2.0 kGy and stored at 2°C in 
modified atmosphere packaging (25% COj and 75% Nj) did not increase lipid oxidation. 
When raw meat analyses were conducted, however, it is quite difficult to see any difference 
by conventional spectrophotometric TBARS method because, generally, the TBARS value of 
raw meat is very low and a sensitivity of spectrophotometric method is limited. Jo and Ahn 
(1998) modified a fiuorometric TBARS method fi-om Yagi (1987), to determine oxidative 
changes in raw meat. 
Several cholesterol oxidation products (COPs) are known to be cytotoxic, 
atherogenic, mutagenic, and carcinogenic, and the formation of COPs and lipid oxidation 
products are positively correlated. Hwang and Maerker (1993) indicated that the amount of 
COPs in meat increased substantially with irradiation at 10 kGy absorbed dose and with 
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storage in the presence of air. Lebovics et al. (1992) reported that the chemical changes in 
cholesterol induced by ionizing radiation were similar in nature to those occurring during 
autoxidation. Non-irradiated egg powder stored in aerobic conditions for 1 month contained 
approximately the same quantity of 7-hydroxycholesterols as a freshly produced egg powder 
irradiated at 1 kGy. Maerker and Jones (1991) reported that irradiation produced a large 
amount of 7-hydroxycholesterol by oxidizing cholesterol in liposomes. They showed that the 
ratio of 7-ketocholesterol/cholesterol 5,6-epoxides generated by irradiation was less than 1, 
much lower than that by autoxidation, and suggested using this product ratio as an indicator 
of irradiation. 
Color 
Color of meat or meat products are an important quality attribute that influence 
consumer acceptance of meat. The concentration of heme pigments, chemical state of meat 
pigments, and physical conditions of meat can determine the color of fresh meat. In fresh 
meat, oxidation of heme pigments is affected by the oxygen availability and reducing 
capacity of muscle (Renerre and Labas, 1987). Factors such as packaging materials, storage 
conditions, exposure to light, and presence of salt also affect the color of meat and meat 
products (Anderson et. al, 1989; Anderson et al., 1990). 
Irradiation-induced color changes are influenced by irradiation dose, muscle type, and 
packaging methods. Fu et al. (1995) reported that Htmter L-, a-, and b-values and visual 
evaluation scores of beef steaks showed no color difference between control and those 
irradiated at 1.5 kGy dose. Paul et al. (1990) also reported that freshly ground mutton 
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irradiated at 2.5 kGy had better color, odor, and microbiological acceptability than 
nonirradiated samples or those irradiated at 1.0 kGy. In contrast, Luchsinger et al. (1997) 
reported that irradiation at 2.0 kGy and 3.5 kGy initially darkened and reduced the redness of 
raw beef patties in aerobic or vacuimi packaging but the color difference disappeared with 
display. Nanke (1998) reported that the color changes of irradiated raw meat were species-
and package type-dependent: with vacuum packaging, irradiated pork and turkey became 
redder than nonirradiated controls. Irradiated beef decreased redness as compared to 
nonirradiated controls. With aerobic packaging, however, irradiated pork and beef became 
less red than nonirradiated controls. 
It is believed that color change of meat is closely related to lipid oxidation. Yin et al. 
(1993) reported that the conversion of oxymyoglobin to metmyoglobin is closely related to 
lipid oxidation and the antioxidant status of meat. The oxidation of ferrous iron in heme 
proteins is greatly affected by the extent of lipid oxidation in liposomes (LaBrake and Fimg, 
1992). Chan et al. (1997) demonstrated that secondary lipid oxidation products were 
prooxidants for oxymyoglobin. Feeding cattle v/ith vitamin E improved the stability of 
pigments and lipids in meat (Liu et al., 1995), which demonstrated the importance of lipid 
oxidation process in color stability of raw meat. Less stable displays of meat color were noted 
for samples irradiated in aerobic packaging (Luchsinger et al., 1996). Akamittath et al. (1990) 
suggested that discoloration and lipid oxidation are interrelated and pigment oxidation may 
catalyze lipid oxidation. However, irradiation had no detrimental effects on the color or 
flavor of cured meat with nitrite or a nitrite-free curing system. Polyphosphates had a 
beneficial effect in preventing lipid oxidation but a detrimental effect on color stability of 
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irradiated meat (Shahidi et al., 1991). Jo and Ahn (1999b) studied color changes of cooked 
pork sausages upon irradiation and found that irradiation increased the redness of cooked 
pork sausages. They presumed that the red color in irradiated cooked sausages was caused by 
a low-spin ferroporphyrin compound and suggested that the red appearance of irradiated 
cooked pork sausage (2.5 and 4.5 kGy) would positively affect consumer acceptance of the 
product. 
Consumers associate color of meat with degree of freshness and quality of the 
product. Irradiation in the presence of oxygen may result in brown discoloration (Lefebvre et 
al., 1994; Urbain, 1986; Lambert et al., 1992). However, in some cases sensory panelists 
preferred the color of irradiated products to nonirradiated ones. Lefebvre et al. (1994) found 
that panelists considered the color of raw meat irradiated in vacuum packaging to be better 
than that of the reference samples. The preference of the raw irradiated samples also 
increased as days of storage increased. Anderson et al. (1989) studied how ultraviolet barriers 
in packaging material affected light-induced discoloration in minced beef and found that 
autoxidation of myoglobin from bright red to brown was induced by light, and the use of UV-
protection in package reduced discoloration. Ferric hemes, from the oxidation of ferrous 
heme pigments, promoted lipid oxidation (Love and Pearson, 1971; Akamittah et al., 1990). 
Color changes can be measured using tristimulus systems such as the CIE system. 
Instrumental techniques such as the Hunter Color Difference Meter, describes color by three 
measurements: L (Lightness), a (redness/greenness) and b (yellowness/blueness) 
(MacDougall, 1992). Kamarei et al. (1981) found that gamma radiation at 32 kGy at -40°C 
caused fading of the typical pink color of cured pork. Both irradiated and nonirradiated cured 
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pork samples faded further when they were exposed to light and air. Lambert et al. (1992) 
reported that pork loins irradiated at 1 kGy in the presence of air became more discolored 
than other treatments. Lee et al. (1996) suggested that irradiation of meat and poultry in the 
presence of oxygen may cause discoloration and produce off-flavors. 
Volatile Compounds 
Wick et al. (1967) identified 12 compounds from irradiated meat samples and 
concluded that methional made a major contribution to the characteristic unpleasant odor of 
irradiated beef. Several researchers (Angelini et al., 1975; Nawar, 1978) have identified many 
volatile compounds from irradiated meats including carbonyls, sulfiir compounds, and 
hydrocarbons. In spite of the large number of compounds identified, it was not possible to 
identify any single compound or mixture of compounds that produce irradiation odor in meat. 
Ahn et al. (1998c) reported that propanal, pentanal, hexanal, 1-pentanol, and total 
volatile compounds were highly correlated with the TEARS of irradiated cooked turkey 
meat, and the amounts of hexanal and total volatile compounds in cooked turkey decreased 
by dietary treatment of a-tocopheryl acetate. Ahn et al. (1999a) indicated that oxygen in the 
headspace of sample vial affected volatile compounds production and lipid oxidation of meat 
significantly during the holding time for purge-and-trap analysis. They suggested flushing the 
headspace of sample vial with inert gas (He or Nj) or using the combination of inert gas flush 
and oxygen absorber to prevent artifacts during the purge-and-trap analysis. 
Interestingly, Ahn et al. (1998a) foimd that cooked pork patties from L. dorsi, which 
had about 2.5 to 3 times higher fat content than those from R.fermoris, produced less hexanal 
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and total volatile compounds than those from R.fermoris at the same TEARS. Jo and Ahn 
(1999a) confirmed that low gas-liquid partition coefficient of volatile compounds in high fat 
oil emulsion samples released lower amounts of volatile compounds than the low fat samples 
even though they had the same TEARS. However, El Magoli et al. (1996) reported that 2-
butanone, 2-pentanone, and 3-hydroxy-2-butanone increased with the increase of fat content 
from 11 to 22 % in beef patties. An excellent review about this subject can be foimd in 
articles of De Roos (1997) and Lubbers et al. (1998). 
Schweigert et al. (1954) reported that the precursors of the undesirable odor 
compounds in irradiated meat were water-soluble and contained nitrogen and/or sulfur. 
Methyl mercaptan and sulfur dioxide formed from the sulfur-containing compounds (e.g. 
glutathione) contributed some of the irradiation odor. Batzer and Doty (1955) concluded that 
sulfur compounds derived from proteins are responsible for irradiation odor. On the other 
hand, Patterson and Stevenson (1995) showed that dimethyltrisulfide is the most potent off-
odor compound in irradiated raw chicken meat. Reineccius (1979) suggested that carbonyl 
compounds are important for irradiation odor and that the intensity of irradiation odor is 
dependent upon oxygen content during irradiation. Ahn et al. (1999b) recently reported that 
irradiation produced a few sulfur-containing compounds in irradiated meat and the major 
contributor of off-odor in irradiated meat is not lipid oxidation but radiolytic products of 
sulfur-containing amino acids. However, the exact production mechanisms of unpleasant 
odor from irradiated meat are not known. 
Flavor and Sensory 
One of the major forms of quality deterioration in meat products induced by 
irradiation is the development of off-odor/flavor. Heath et al. (1990) reported that irradiating 
imcooked chicken meat produced a characteristic bloody and sweet aroma. Lynch et al. 
(1991) also showed that irradiated turkey breast fillet produced unpleasant odor notes when 
stored in oxygen impermeable film, and the odors were different from those of nonirradiated 
samples. Hashim et al. (1995) reported that irradiating uncooked chicken meat produced off-
odor that remeiined after the meat was cooked. Merritt (1978) suggested that the volatile 
compounds responsible for the off-odor in irradiated meat are produced by the radiation 
impact on protein and lipid molecules and are different from those of lipid oxidation. 
Researchers (Huber et al., 1953; Mehrlich, 1966; Urbain, 1986) described the irradiation odor 
as a "metallic", "sulfide", "wet grain", "goaty", "burnt" or "scorched" and indicated that the 
strength of the undesirable flavors were dose-dependent. Panelists found that desirable meat 
flavor deteriorated with irradiation (Lefebvre et al., 1994). Sudarmadji and Urbain (1972) 
reported that the irradiation threshold of flavor sensitivity for pork is 1.75 kGy. 
Development of oxidative off-flavor (rancidity) in meat has long been recognized, 
and rancidity begins to develop quickly and continues to increase in intensity until the meat 
product becomes xmacceptable to consumers (Gray and Pearson, 1994). When uncured meat 
is stored after cooking, flavor changes occur rapidly. Tims and Watts (1958) used the term 
'warmed-over flavor' to describe the rapid development of an oxidized flavor in refrigerated 
cooked meat. The chemical reaction, mainly by free radicals (St. Angelo et al., 1990), results 
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in the formation of undesirable cardboardy and painty flavors. However, these characters do 
not represent off-flavor of irradiated meat. 
Consximer-based sensory studies by Cain et al. (1958) indicated that nonirradiated 
beef steaks, beef roasts, pork chops, pork roasts, and bacon were preferred over irradiated (28 
kGy) samples. In this study, the products were considered acceptable in flavor when 
irradiated at 19 kGy, but the pork chops were rated as unacceptable in flavor at 28 kGy (Cain 
et al., 1958). Shults and Wierbicki (1980) irradiated Iamb rolls at 47 kGy using two 
irradiation sources — gamma ray and electron — and reported that there was no difference in 
sensory characteristics between the two-irradiation sources. However, a frozen controls had 
slightly higher sensory scores than irradiated lamb rolls in the refrigerated state. Ahn et al. 
(1999b) reported that panelists recognized the irradiation odor from pork loin irradiated at 5 
or 10 kGy doses. However, there was no difference in the preference of the meat. The panels 
characterized irradiation odor as a barbecued com-like odor. Groninger et al. (1956) found 
that all the ground pork irradiated with gamma rays at 3 kGy were rated oxidized, and all the 
irradiated samples were considered to have a rancid flavor. 
However, several other studies reported that irradiation had no detrimental effect on 
the flavor of vacuum packaged raw meat. Consumer panels found no difference in flavor 
between gamma-irradiated soy-buffalo-patties and control samples (El-Wakeil et al., 1983). 
Murano et al. (1995) reported that when using a triangle test, sensory panels were unable to 
differentiate between irradiated (2 and 5 kGy) and nonirradiated ground turkey samples. 
However, sensory panels were able to differentiate between aerobically irradiated and 
nonirradiated ground beef and pork chops. 
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In summary, radiolysis and lipid oxidation may be the two most probable reaction 
mechanisms by which off-odor volatile compounds as well as other quality changes can be 
generated from irradiated meat. However, irradiation dose-dependent generation of hydroxyl 
radicals and the initiation of lipid oxidation in biological systems are inconclusive. Also, the 
exact nature and identity of volatile compounds that contribute to irradiation-induced off-
odor are not fully understood. Therefore, the goal of this study was to determine quality 
changes in irradiated fresh and cooked meat products and to investigate the chemical basis of 
volatile compounds that may generate off-flavor by irradiation. This study will provide 
information that can be used to minimize quality changes in irradiated meat products. 
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CHAPTER 3. LIPID AND CHOLESTEROL OXIDATION, COLOR CHANGES, AND 
VOLATILE COMPOUNDS PRODUCTION IN IRRADIATED RAW PORK 
BATTERS WITH DIFFERENT FAT CONTENT^ 
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ABSTRACT 
An emulsion-type product was prepared to determine the effect of irradiation on lipid 
and cholesterol oxidation, color change, and volatile production in raw pork with different fat 
content. Lipid oxidation increased with an increase in fat content or irradiation dose. 
Irradiated batters had higher cholesterol oxides than did non-irradiated batters, and the major 
cholesterol oxides formed in irradiated pork batters were 7a- and 7(3-hydroxycholesterol. 
Hunter color a- and b-values of raw pork batters were decreased by irradiation regardless of 
fat content. Irradiation significantly increased the amount of volatile compounds. 
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Although lipid oxidation of high fat products (10 and 15% fat) was higher than that of low fat 
products (4%), high fat products did not always produce greater amount of volatile 
compounds in raw pork batters. In simimary, irradiation increased lipid and cholesterol 
oxidation, and volatile compounds production, and had detrimental effects on the color of 
raw pork batter imder aerobic conditions. 
INTRODUCTION 
The effect of irradiation in controlling microorganisms is well known. However, one 
of the major concerns with irradiating meat is its effect on meat quality. Ionizing radiation 
generates hydroxyl radicals that can accelerate lipid oxidation and produce color change and 
off-odor that significantly impact consumer acceptance (Ladikos and Lougovois, 1990). 
Irradiated pork had significantly higher thiobarbituric acid reactive substances 
(TEARS) and produced more volatile compounds than nonirradiated patties, and the 
proportion of volatile compounds varied by packaging-irradiation conditions of patties (Ahn 
et al. 1998b). A less stable display of color was also noted for firozen boneless pork chops 
irradiated in aerobic packaging (Luchsinger et al. 1996a). Heath et al. (1990) reported that 
irradiating uncooked chicken meat produced a characteristic bloody and sweet aroma. 
Volatile compounds responsible for off-odor in irradiated meat are produced by radiation 
impact on protein and lipid molecules and are different from those of lipid oxidation. 
Patterson and Stevenson (1995) showed that dimethyltrisulfide is the most potent off-odor 
compound in irradiated raw chicken meat. El Magoli et al. (1996) indicated that 2-butanone, 
2-pentanone and 3-hydroxy-2-butanone increased with increase in fat content of beef patties 
from 11 to 22%. 
52 
Several cholesterol oxidation products (COPs) are known to be cytotoxic, 
atherogenic, mutagenic and carcinogenic, and cholesterol and lipid oxidation were positively 
correlated in cooked pork. Hwang and Maerker (1993) indicated that the amount of COPs in 
meat increased substantially with irradiation at 10 kGy absorbed dose and with storage in the 
presence of air. Lebovics et al. (1992) reported that the chemical changes induced in 
cholesterol by ionizing radiation were similar in nature to those known to occur during 
autoxidation, and non-irradiated egg powder stored for 1 month contained approximately the 
same quantity of 7-hydroxycholesterols as a freshly produced egg powder irradiated at 1 
kGy. Maerker and Jones (1991) reported that irradiation produced a large amount of 7-
hydroxycholesterol by oxidizing cholesterol in liposomes. They showed that the ratio of 7-
ketocholesterol/cholesterol 5,6-epoxides generated by irradiation was less than 1, much lower 
than that by autoxidation, and suggested the use of these unique product ratios as indicators 
of irradiation. 
The objective of this study was to determine the influence of fat content on lipid 
oxidation, cholesterol oxides formation, color change, and the production of volatile 
compounds in irradiated raw pork batters. 
MATERIALS AND METHODS 
Sample Preparation 
Lean pork and pork backfat were purchased from a local packing plant and groimd 
twice through a 9-mm plate. An emulsion-type pork product was prepared using ground 
meat, NaCl (2% of meat weight), ice water (10% of meat weight), and pork backfat. The lean 
pork, ice, and NaCl were added into a silent cutter and blended to 4®C. Then, the fat was 
added and meat batter was chopped under vacuum until temperature reached to 13°C. Three 
levels of backfat (0, 10, or 20% of meat weight) were used to adjust fat content in meat 
batters. Raw ground pork without NaCl, water, or fat was also prepared to use as a no 
additive-added control. Batters (approximately 100 g each) were packaged in oxygen-
impermeable nylon/polyethylene bags (9.3 ml 02/m^/24 h at OC, Koch, Kansas City, MO) 
and stored overnight at 4°C to minimize changes before irradiation. The next morning, 
packaging bags were cut open and meat batters were irradiated at 0 or 4.5 kGy (average 
absorbed dose; dose rate was 107 kGy/min) using a linear accelerator (Circe EIIR, Thomson 
CSF Linac, France). The use of 4.5 kGy was decided from maximum dosage for fresh red 
meat by regulation. Lipid oxidation, color, and volatile compoimds of samples were analyzed 
3 h after irradiation. Total fat content of patties was also determined. 
Lipid Oxidation and Color Measurement 
Lipid oxidation was determined using a spectrophotometric 2-thiobarbituric acid 
reactive substances (TEARS) method described by Ahn et al. (1998b). A 5 g meat sample 
was placed in a 50 mL test tube and homogenized with 15 mL of deionized distilled water 
(DDW) by using a Brinkman Polytron (Type PT 10/35, Westbury, NY) for 15 s at speed 7-8. 
Meat homogenate (1 mL) was transferred to a disposable test tube (13 x 100 mm), and 
butyrated hydroxyanisole (50 nL, 7.2%) and thiobarbituric acid/trichloroacetic acid 
(TBA/TCA) solution (2 mL) were added. The mixture was vortexed and then incubated in a 
boiling water bath for 15 min to develop color. After color development, the samples were 
cooled in cold water for 10 min and then centriftiged for 15 min at 2000 x g. The absorbance 
of the resulting supematant solution was determined at 532 nm against a blank containing 1 
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mL DDW and 2 mL TBA/TCA solution. A CIE Lab color scale (Hunter Lab colorimeter, 
Himter Associates Lab., Inc. Reston, VA) was used to measure the degree of lightness (L-
value), redness (a-value) and yellowness (b-value) of samples. The surface color was 
measiured at three different positions on each patty, and the mean values of the three 
measurements were used as the color values of each patty. 
Cholesterol Oxidation Products (COPs) 
A column chromatography method of Li et al. (1996) was used with some 
modifications. Extracted fat (0.2 g) was loaded onto a glass colimin (12 mm x 30 cm) packed 
with silicic acid, Celite 545 (Sigma, St. Louis, MO) and CaHP04 (10:9:1, w/w). After 
washing with 50 ml of solvent I (hexaneiethylacetate = 9:1) and 60 ml of solvent 11 
(hexane:ethylacetate = 4:1, v/v), the cholesterol oxidation products (COPs) were eluted with 
40 ml of solvent HI (acetone:ethylacetate:methanol = 10:10:1, v/v/v). The eluent was added 
with 50 ^1 as an external standard (5a-cholestane, 100 {ag/ml), was dried under nitrogen, and 
was derivatized with 200 (xl pyridine and 100 ^1 Sylon BFT 
[Bis(trimethylsilyl)trifluoroacetamide:Trimethylchlorosilane = 99:1, Supelco Park, 
Bellefonte, PA] in 80C waterbath for 1 h. Analysis of cholesterol oxides was performed with 
a gas chromatography (GC) (Hewlett Packard 6890) equipped with an on-column capillary 
injector and a flame ionization detector (FID). A splitless inlet was used to inject samples 
(0.5 (il) into a capillary colimm (HP-5, 0.25 mm x 30 m x 0.25 |am) and a ramped oven 
temperature was used (70C for 0.5 min^ increased to 275C @40C/min and held for 0.5 min, 
increased to 275C @40C/min and held 0.5 min, and increased to 285C, @2C/min and held 
for 13 min). Inlet and detector temperatures were 280C and 280C, respectively. HeUum was 
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the carrier gas at constant flow rate of 1.1 ml/min. Detector (FID) air, H2, and make-up gas 
(He) flows were 300 ml/min, 30 ml/min, and 28.9 ml/min, respectively. The area of each 
peak was integrated using ChemStation software (Hewlett Packard Co., Wilmington^ DE), 
and total peak area (pA*sec) was recorded. 
Volatile Compounds Analysis 
Precept 11 and Purge-and-Trap concentrator 3000 (Tekmar-Dohrmann, Cincinnati, 
OH) were used to purge and trap volatile compoimds, and a GC (Hewlett Packard, Model 
6890, Wilmington, DE) equipped with a flame ionization detector (FID) was used to analyze 
volatile compoimds from meat batters. Meat (3 g) was sampled and analyzed using the 
conditions described in detail by Ahn et al. (1998b). 
STATISTICAL ANALYSIS 
Data were analyzed using the SAS program (SAS Institute 1989). Two-way analysis 
of variance (ANOVA) was used for TBARS values, and one-way ANOVA for COPs within 
irradiation treatment at 10% fat content and for volatile compounds within a fat content. Four 
replications were conducted and significance level used was P<0.05. The Student-Newman-
Keul's multiple range test was used to compare differences among mean values (P<0.05). 
Mean values and standard errors of the mean (SEM) were reported. 
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RESULTS AND DISCUSSION 
Lipid Oxidation 
Fat contents of meat batters prepared with 0, 10%, and 20% added backfat were 4, 10, 
and 15%, respectively. Increase of fat content resulted in the increase of TEARS values in 
both non- or irradiated raw pork batters (Table 1). Engeseth and Gray (1994) reported that if 
initiation of lipid oxidation occurs in muscle membranes, fat content of meat should not 
influence the initial level of oxidation (baseline values). However, Aim et al. (1995) showed 
that total fat content and the composition of fatty acids in the lipid of meat were very 
important in determining the development of lipid oxidation of aerobic-packaged meat 
during storage. Added NaCl and ice water did not influence lipid oxidation of non-irradiated 
and irradiated meat. Wettasinghe and Shahidi (1996) studied the oxidative stability of 
comminuted lean pork with different salts extensively and found that NaCl at 0.60 to 1.2% 
had no prooxidative effect. However, irradiation increased the TEARS values of raw pork 
batters by about 1.5 times of the control (Table 1). 
Cholesterol Oxidation Products (COPs) 
Cholesterol oxidation products (COPs) were determined only with 10 % fat samples. 
Table 2 indicates that the production of COPs in irradiated meat was about 4-fold that of the 
non-irradiated. Osada et al. (1993) studied the interaction of lipid oxidation and cholesterol 
oxidation in samples with various fats and found that lipid oxidation precedes cholesterol 
oxidation. Increased COPs production in irradiated raw pork batters with high TEARS 
suggested the presence of interaction between lipid and cholesterol oxidation. The amounts 
of a-epoxide, P-epoxide, and cholestantriol were not changed, but those of 7a-
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hydroxycholesterol, 7p-hydroxycholesterol, and total COPs were increased dramatically by 
irradiation. The COPs are not increased only by irradiation but by other processing such as 
heating. Morgan and Armstrong (1992) reported that the egg powder heated at 90°C for 6 to 
24 hrs produced up to 65.2 and 98.1 |j.g/g of 7a- and 7P-hydroxycholesterol, respectively. 
Moreover, the egg powder produced a-, (B-epoxide and 7-ketocholesterol up to 20.2, 110.0 
and 316.5 |J.g/g, respectively. Cooked pork muscle had about 4,000 |J.g/g of total COPs 
reported from Higley et al. (1986) but it might be a little overestimated- Zubillaga and 
Maerker (1991) analyzed COPs and foimd that 7-ketocholesterol was the major compound 
and constituted over 50 % of total cholesterol oxides in irradiated meat. In our results, 
however, 7-ketocholesterol was found only in irradiated raw pork products at 14.5 |J.g/g meat 
and the ratio of 7-ketocholesterol/cholesterol 5,6-epoxides was 1.04. The ratio of 7-
ketocholesterol/cholesterol 5,6-epoxides in this study was higher than that of the Maerker 
and Jones (1991) who reported the ratio of between 0.18 and 0.24 in lipiosomes irradiated at 
0.5 to 10 kGy. However, the ratio of 7-ketocholesterol/cholesterol 5,6-epoxides was close to 
the limit (< 1.0) suggesting that the ratio could be used as an indicator for irradiation. 
Color 
The Hxmter color L-values of raw pork batters increased with the increase of fat 
content (Figure 1). Irradiation had no effect on the color L-values of raw pork batters except 
for the samples with no fat added. Irradiation reduced color a- and b-values of raw pork 
products regardless of fat content (Figures 1). Luchsinger et al. (1996b) reported that 
irradiated raw beef patties containing 10 and 22% fat were initially darker and less red than 
58 
controls, but the color differences disappeared during display. Irradiation adversely affected 
oxidative rancidity and color of pork chops in aerobic packaging, but the color of irradiated 
meat in vacuum packaging was redder and more stable than non-irradiated when stored at 
refrigerated and frozen temperature conditions (Luchsinger et al. 1996a). Richards and 
Morrison (1971) observed the conversion of reduced myoglobin to metmyoglobin by 
irradiation. Our results also indicated that irradiation accelerated lipid oxidation and changed 
meat color to brown. Higher fat content decreased a-value but increased color b-value on raw 
pork batters (Figures 1). 
Volatile compounds 
Several aldehydes, such as 2-methylpropanal, 2-methylbutanal and hexanal, and 
alcohols had high correlation coefficients (Table 3) with TEARS values of raw pork batters 
with 4% fat. The correlation coefficients between volatile compounds and TEARS decreased 
with the increase of fat content in meat batters. Hexanal, a well-known indicator of oxidative 
deterioration in meat, was not found in non-irradiated meat with 4% fat (Table 4). However, 
the increase of fat content or irradiation dose rapidly increased hexanal content in raw pork 
batters. 
Many unknown compounds with short GC retention time (less than 2 min) were 
produced from irradiated raw pork batters. Irradiation increased most of the volatile 
components in low fat batter (0% fat added). However, irradiation increased only 2-methyl 
butanal and hexanal in high fat batters (10 and 20% fat added). Although 1-heptene was 
considered a marker of irradiated cooked sausages (Ahn et al. 1998a), only a trace amoimt of 
1-heptene was found in all irradiated raw meat batters. Morehouse and Ku (1990) reported 
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that the detection of odd-nnmber hydrocarbons (C15:0, C17:0, C17:l, and C17:2) using a gas 
chromatographic method enabled them to identify irradiated frog legs and confirmed by the 
electron spin resonance method. It should be pointed out that only identified volatile 
compounds were used to calculate total volatile compounds in this study, and many unknown 
compoimds from irradiated pork products were not included in total volatile calculations. If 
unknown volatile compoimds are included, irradiated meat had higher (P<0.05) total volatile 
compounds than nonirradiated. 
Unlike lipid oxidation, the increase of volatile compounds was not linear with fat 
content in raw pork batters. The amounts of volatile compounds produced in pork batter with 
15% fat were smaller than those with 10% fat. Jo and Ahn (1998) also showed that the 
increase of fat content in an oil emulsion system decreased volatile compounds production in 
oil emulsion when determined using the purge-and-trap dynamic headspace method. 
CONCLUSIONS 
Under aerobic conditions, irradiation increased lipid oxidation, cholesterol oxides 
formation, and volatile compounds production, and had detrimental effects on the color of 
raw pork batters. Because the amounts of volatile compounds in meat with the same degree 
of lipid oxidation vary significantly, fat content of compared samples should be taken into 
consideration before using volatile compounds content as a criterion for meat quality. 
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TABLE L 
EFFECT OF FAT CONTENT AND IRRADIAnON ON LIPID OXIDATION OF RAW 
PORK BATTERS' 
Fat content 
Treatment Raw pork^ 4 % 10 % 15 % SEM^ 
TBARS values (mg MDA/kg meat) 
Non-irradiated 0.24''^ 0.25^^ 0.27^^ 0.35^^ 0.014 
Irradiated 0.36^^ 0.48^"^ 0.53^ 0.024 
SEM 0.019 0.013 0.029 0.012 
'Pork batters with NaCl (2%) and ice water (10%). 
^Ground raw pork with no NaCl, water, or backfat. 
^Standard errors of the mean: Among the means of different fat content within a same 
irradiation treatment. n=16. 
'^Standard errors of the mean: Among the means of different irradiation treatment within a 
same fat content. n=8. 
^''Different letters within a row are significantly different (P<0.05). n=16. 
"'^Different letters within a column are significantly different (P<0.05). n=8. 
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TABLE 2. 
CHOLESTEROL OXIDATION PRODUCTS (COPs) IN NON- OR IRRADL\TED RAW 
PORK BATTER WITH 10% ADDED BACKFAT^ 
Treatment 
COPs Non-irradiated Irradiated SEM^ 
7a-HydroxycholesteroI 
7 p-Hydroxycholesteroi 
20-Hydroxychoiesterol 
a-Epoxide 
p-Epoxide 
Cholestantriol 
22-KetochoIesterol 
25 -Hydroxy cholesterol 
6-KetocholesteroI 
7-Ketocholesterol 
Total cholesterol oxides 
COPs (fJ-g/g) meat 
17.6^ 72.6^ 12.66 
5.3^ 70.5^ 10.68 
nd^ 4.7^ 0.16 
11.7 8.5 2.21 
7.2 5.4 3.05 
5.0 5.4 3.04 
nd nd 
nd nd 
nd nd 
nd^ 14.5^ 1.24 
46.8^^ 181.6^ 12.06 
^Pork batters with NaCl (2%) and ice water (10%). 
'y Standard errors of the mean. n=8. 
^''Different letters within a row are significantly different (P<0.05). nd: not detected. 
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TABLES. 
Correlation coefficients between volatile compovmds and TBARS of raw pork batter with 
different fat content. 
Treatment 
Volatile compounds Ground pork 0% fat 10% fat 20% fat 
1-Heptene - 0.79 0.35 0.18 
2-Methylpropanal 0.001 0.96 0.21 0.42 
2-Methylbutanal 0.69 0.93 0.27 0.38 
Pentanal 0.001 0.53 0.70 0.15 
Hexanal 0.71 0.95 0.74 0.86 
1-Butanol 0.008 0.92 0.31 0.34 
Total volatile compounds 0.19 0.82 0.44 0.13 
n = 8. 
TABLE 4. 
MAJOR VOLATILE COMPONENTS OF IRRADIATED RAW PORK BATTER WITH DIFFERENT FAT CONTENT 
Non-irradiated Irradiated 
Volatile compounds Raw' 0%^ 10% 20% SEM^ Raw' 0%^ 10% 20% SEM^ 
1-Heptene nd nd nd nd - nd 0.8 0.8 0.5 0.23 
2-Methylpropanal 11.0" 
O
O
 
8.3'' 7.1'' 0.68 11.4" 11.9" 9.4'' 9.0*' 0.52 
2-Methylbutanal nd'' nd'' 16.8" 16.2" 1.18 16.8 23.0 22.9 24.8 2.81 
Pentanal nd" nd" 14.4" 12.3" 1.22 0.8 3,5 6.2 6.3 2.50 
Hexanal nd nd 5.4 6.3 1.49 P
 
b
o
 
c
r
 
17.2" 20.1" 18.2" 0.83 
1-Butanol 5.3" 2.0'' 6.7" 0.8'' 0.85 5.5 7.2 2.5 3.5 1.32 
Total 49.3' 33.8' 150.1" 115.0" 7.74 72.5'' 127.5" 124.0" 128.3" 9.52 
I 0 1 Ground raw pork. Raw pork batter. Standard errors of tiie mean. n=32. 
"•''•''Different letters within a row of same irradiation dose are significantly different (P<0.05). 
Figure 1. Effect of fat content and irradiation on color changes of raw pork batters, 
^b '^'C'Different letters among added fat content within a same irradiation dose are significantly 
different (P<0.05). "'^Different letters between irradiation doses within a same added fat 
content are significantly different (P<0.05). 
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CHAPTER 4. LIPID OXIDATION, COLOR CHANGES AND VOLATILE 
COMPOUNDS PRODUCTION IN IRRADIATED PORK SAUSAGE WITH 
DIFFERENT FAT CONTENT AND PACKAGING DURING STORAGE^ 
A paper published in Meat Science 
C. Jo^, J. 1. Lee, and D. U. Ahn^ 
ABSTRACT 
Effects of irradiation on lipid oxidation, color and volatile compounds production in 
pork sausage with different fat content and packaging were determined. Sausages (with 4.7, 
10.5 and 15.8% fat content) were sliced and vacuum-packaged either in oxygen-permeable or 
impermeable bags, irradiated (0 or 4.5 kGy) and stored at 4°C for 7 days. Lipid oxidation, 
color and volatile compounds production were analyzed at 0, 3 and 7 days of storage. 
TEARS (2-thiobarbituric acid reactive substances) values of cooked pork sausages 
increased with the increase of fat content regardless of storage, irradiation or packaging 
types. Irradiated samples had higher TEARS than nonirradiated at 0 day but the difference 
^Journal paper No. J-17966 of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, lA. 50011-3150. Project No. 3322, supported by Hatch Act and the Food 
Safety Consortiima. Reprinted with permission of the Meat Science, 1999, 51:355-361. 
^Primary researcher and author 
^Author for correspondence 
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disappeared during storage in both packaging types. Lightness of sausages (Hunter L-value) 
increased with the increase of fat content and storage time but was not affected by irradiation. 
In aerobic packaging, irradiation reduced Himter a-values of pork sausage at day 0 but 
irradiation effect an a-value disappeared during storage. In vacuum packaging, however, 
irradiated samples had higher Himter a-values than nonirradiated samples. Irradiation 
increased 1-heptene and total volatile compounds, but the amount of 1-heptene was not 
associated with TEARS values of pork sausages. In both irradiated and nonirradiated pork 
sausages, aerobic packaging produced more volatile compounds than vacuum packaging 
during storage. 
It was concluded that irradiation and fat content had significant effects on lipid 
oxidation, color and volatile compounds production of cooked pork sausages during storage 
but that oxygen availability had a stronger effect than irradiation and fat content. 
INTRODUCTION 
Low-dose (<10 kGy) irradiation can kill at least 99.9% of salmonella in poultry and 
an even higher percentage of E. coli 0157:H7 (Olson, 1998). But, irradiation is known to 
generate hydroxyl radicals that can initiate chain reactions of lipid oxidation in aqueous and 
oil emulsion systems. Irradiation could produce a large amoimt of hydroxyl radicals in meat 
because over 75% of muscle cells are composed of water (Thakur and Singh, 1994). Thayer 
et al. (1993) reported that irradiation-induced chemical changes are dose dependent and the 
generation of characteristic off-odor and color changes in meat is almost instantaneous after 
irradiation. Both raw and cooked meats produce off-odor after irradiation but the sources and 
mechanisms of off-odor production in irradiated meats are not yet known. 
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Ahn et al. (1998b) observed that aerobic-packaged irradiated raw pork had 
significantly higher TEARS values than those of control. Less stable displays of color were 
noted for samples irradiated in aerobic packaging (Luchsinger et al, 1996). Akamittath et al. 
(1990) suggested that discoloration and lipid oxidation are interrelated and pigment oxidation 
may catalyze lipid oxidation. However, irradiation had no detrimental effects on the color or 
flavor of cured meat with nitrite or a nitrite-fi-ee curing system. Polyphosphates had a 
beneficial effect on lipid oxidation but a detrimental effect on color stability in irradiated 
meat (Shahidi et al, 1991). 
Lynch et al. (1991) reported that irradiated turkey breast fillets produced unpleasant 
odor notes when stored in oxygen-impermeable film and the odor notes were different fi-om 
those developed fi-om corresponding nonirradiated samples. Heath et al. (1990) and Hashim 
et al. (1995) also showed that irradiating uncooked chicken meat produced a characteristic 
bloody and sweet aroma that remained after the meat was cooked. Reineccius (1979) 
suggested that carbonyl compounds are important for irradiation odor and that the intensity 
of irradiation odor is dependent upon oxygen content during irradiation. El Magoli et al. 
(1996) indicated that 2-butanone, 2-pentanone and 3-hydroxy-2-butanone increased with the 
increase of fat content from 11 to 22 % in beef patties, and Ahn et al. (1998b) reported that 
propanal, pentanal, hexanal, 1-pentanol and total volatile compoimds correlated highly (P < 
0.01) with TEARS values of cooked meat. Although lipid is the most important substance for 
quality changes in meat, the effect of fat content on the development of lipid oxidation, color 
changes and volatile compoimds production in irradiated meat is limited. 
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The objective of the present research was to determine the influence of irradiation on 
lipid oxidation, color change and volatile production in cooked pork sausages with different 
fat content and packaging during storage. 
MATERIALS AND METHODS 
Sample preparation 
Lean pork was obtained from a local packer and ground twice through a 9-mm plate. 
Pork sausage batters were prepared with the lean ground meat, back fat (0, 10 or 20 % of 
meat weight), NaCl (2 %) and ice water (10 %). The batters were stuffed into cellulose 
casings (3 cm thickness) and cooked in a smoking chamber to an internal temperature of 
72°C. After cooling by a cold water shower, the sausages were sliced to 2 cm-thick pieces 
(approximately 30 g), vacuum-packaged into oxygen-impermeable nylon/polyethylene bags 
(9.3 ml 02/m2/24 hr at 0°C; Koch, Kansas City, MO) and stored in a 4°C refrigerator 
overnight. Irradiation was conducted the next day at 0 or 4.5 kGy dose (97 kGy/min) using a 
linear accelerator (Circe IIIR, Thomson CSF Linac, France). The use of 4.5 kGy was decided 
from maximum dosage for fresh red meat by regulation. For the aerobic packaging treatment, 
vacuum packaging bags were opened before irradiation. Samples were stored in a 4°C 
refrigerator immediately after irradiation and 0-day samples were analyzed 3 h after storage. 
Measurements of lipid oxidation, color, and fat content 
Lipid oxidation was determined using a spectrophotometer (Gilford Instrument 
Laboratories, Inc., Oberlin, OH) to measure 2-thiobarbituric acid reactive substances 
(TEARS) values as described in detail by Jo and Ahn (1998a). TBARS values were 
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expressed as mg malondialdehyde (MDA) equivalents per kg meat. A CIE Lab color 
[lightness (L), redness (a) and yellowness (b)] of sausages was measured using a Hunter 
Colorimeter (Hunter Associates Lab. Inc., Reston, VA). Total fat content was determined by 
the Folch's extraction method (Folch et al., 1957). 
Volatile compounds analysis 
Precept II and a Purge-and-Trap concentrator (Model 3000, Tekmar-Dohrmann, 
Cincinnati, OH) were used to purge and trap volatile compounds, and a gas chromatography 
(GC) (Hewlett Packard, Model 6890, Wilmington, DE) equipped with a flame ionization 
detector (FID) was used to analyze volatile compounds from pork sausages. Meat (2 g) was 
sampled into a vial (40 mL) and analyzed using the conditions described in detail by Ahn et 
al. (1998a). The area of each peak was integrated and reported as an indicator of volatile 
compounds generated from the meat samples. 
Statistical analysis 
Experimental design was constructed to determine the effect of irradiation and fat 
content on lipid oxidation, color changes and volatile production in cooked sausages stored in 
two packaging conditions. Analyses of variance (SAS Institute, 1988) were used to find 
differences and the Student-Newman-Keul's multiple range test was used to compare 
differences among mean values. Four replications were conducted and significance level 
used was P < 0.05. Mean values and standard errors of the mean (SEM) were reported. 
74 
RESULTS AND DISCUSSION 
Lipid oxidation 
Regardless of storage time, irradiation or packaging types, TEARS values in sausages 
increased with the increase of fat content (Table 1). Fat content of sausages prepared with 0, 
10 and 20% backfat added were 4.7, 10.5 and 15.8%, respectively. Irradiation increased the 
lipid oxidation of sausages with 10.5 and 15.8% fat content in both aerobic and vacuum 
packaging at day 0. However, the irradiation effect on lipid oxidation disappeared during 
storage except for the sausages with 15.8% fat content in vacuum packaging. The TEARS 
values of vacuum-packaged pork sausages were very similar throughout storage indicating 
that oxygen availability is the most critical factor in the development of lipid oxidation. 
Color 
Irradiation had no effect on Himter L-values of sausages both with aerobic and 
vacuum packagings (Figures 1 and 2). Pork sausages with high fat produced lighter color 
than low-fat sausages. Storage increased Hunter L-values of pork sausages with both 
packagings but, the changes of Himter L-values in vacuum-packaged sausages were smaller 
than those of the aerobic-packaged. Irradiation reduced a-values of aerobic-packaged pork 
sausages at day 0 but had no effect on those at day 3. Non-irradiated pork sausages with 10% 
backfat added had higher a-value than that of the irradiated sausages with 20% backfat added 
at day 7. However, there were no differences in a-values between irradiated and non-
irradiated sausages within a same backfat teatment at Day 7. The Hunter a-values of aerobic-
packaged pork sausage gradually decreased in all treatments as storage time increased. The a-
values of all pork saiisage were the highest in vacuimi-packaged irradiated sausages and the 
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lowest in aerobic-packaged nonirradiated sausages. Therefore, packaging type (oxygen 
availability) was again an important factor for maintaining the color of sliced pork sausages 
during storage. Irradiation reduced Hunter b-values of vacuum-packaged sausages but had no 
effect on Hunter b-values of the aerobic-packaged product. 
Volatile compounds 
High-fat sausages produced more propanal but less 1-pentanol, nonanal and 1-
heptanol than low-fat products (Tables 2-5). The amounts of aldehydes, ketones and alcohols 
were the highest in pork sausages with 4.5% fat and the lowest in sausages with 15.8% fat. 
Among individual volatile compounds, only propanal showed the same trend as TEARS 
values, which increased with the increase of fat content (Table 1). This indicated that there 
would be certain interactions between fat content and production of volatile compounds in 
pork sausages. Recently, Ahn et al. (1998b) reported that cooked pork patties from L. dorsi, 
which had about 2.5 to 3 times higher fat content than those from R. fermoris, produced less 
hexanal and total volatile compounds than those from R. fermoris at the same TB ARS value. 
Jo and Ahn (1998b) confirmed this trend using an oil emulsion study. Their results suggested 
that if the amount of volatile compounds is used as an indicator of lipid oxidation or off-
flavor generation in cooked pork products, the fat content of samples should be taken into 
consideration. 
Irradiation increased the amount of 1-heptene in pork sausages significantly but 
storage or packaging type did not (Tables 2-5). Although very small amounts of 1-heptene 
were found in nonirradiated pork sausages, 1-heptene was an excellent indicator for 
irradiation treatments. Villavicencio et al. (1997) suggested the use of hydrocarbons to detect 
radiation treatment in the processing of beans. Nawar et al. (1996) reported that irradiation 
breaks chemical bonds in triacylglycerides and produces carbonyi compounds such as Cn_i 
and Cn-2:1 hydrocarbons. The Cn-l has one carbon atom less than the parent fatty acid, and 
the Cn-2:1 has a double bond in position land is two carbon atoms less than the parent fatty 
acid. Therefore, 1-heptene (C7:l) would be a product from nonane (C9:0) that oxidized and 
cleaved from oleic or other n-9 fatty acids during irradiation and storage. The production of 
nonanal, decanal or 1-heptanol in vacuum-packaged pork sausages (both irradiated and 
nonirradiated) was very small. The amount of total volatile compounds in irradiated cooked 
pork products was significantly higher than the amount in the nonirradiated products. In 
addition to the amount of identified volatile compounds, many unknown volatile compounds 
with short retention time also were found in irradiated samples. This means that irradiation 
increased not only volatile compounds production but also the number of volatile 
compounds. Most probably, these volatile compounds would be non-polar small 
hydrocarbons and could be important for irradiation odor but were excluded from the 
calculation of total volatile compoimds. 
More volatile compounds were produced as the development of lipid oxidation in 
pork sausages progressed during storage (Tables 2-5). Shahidi and Pegg (1994) observed that 
the content of hexanal, an index of lipid oxidation and meat flavor deterioration, declined 
markedly upon extended storage of meat. They indicated that the reactions of hexanal with 
meat components or its further oxidation to hexanoic acid were responsible for the reduction 
of hexanal in meat during storage. The present study showed decrease of hexanal in pork 
sausages after 7-day storage only in vacuum packaging. The reason for hexanal change in 
vacuum-packaged pork sausages during storage can not be explained. 
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Ahn et al. (1998b) observed that oxygen exclusion from meat after cooking was more 
important in preventing lipid oxidation of cooked meat than raw meat treatments. The 
authors reported that lipid oxidation was not catalyzed by the cooking process but by 
subsequent oxygen contact with cooked meat during storage. Packaging types had the most 
influence on the production of volatile compounds, lipid oxidation and color changes in 
cooked pork sausages during storage. It was concluded that keeping oxygen from meat was 
more important than irradiation and fat content in maintaining a high quality of meat after 
cooking. 
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Table 1. Effect of fat content and irradiation on lipid oxidation measured by TEARS values 
of cooked pork sausages with different packaging during storage' 
Fat 0 day 3 day 7 day 
Content 0 kGy 4.5 kGy SEM 0 kGy 4.5 kGy SEM 0 kGy 4.5 kGy SEM 
mg Malondialdehyde equivalents/kg Meat 
Aerobic packaging 
4.7% 1.6 1.8 0.08 3.3^ 3.9^ 0.41 6.6 5.8 0.21 
10.5% 1.6^ 2.2^ 0.07 5.1^ 4.9^ 0.11 6.5 5.9 0.21 
15.8% 1.8^ 2.2^ 0.07 4.4^ 4.4^ 0.18 5.9 5.7 0.44 
SEM 0.07 0.07 0.36 0.17 0.30 0.35 
Vacuum packaging 
4.7% 1.1^ 1.2^ 0.05 1.2^ 1.3^ 0.04 1.4^ 1.2 0.12 
10.5% 1.4^^^ 1.6^ 0.04 1.5^ 1.6^ 0.04 1.6^ 1.6 0.03 
15.8% 1.5^^ 1.7^ 0.03 1.7^ 1.8^ 0.05 1.7^ 1.5^ 0.05 
SEM 0.04 0.04 0.04 0.04 0.05 0.10 
'irradiated at 0 or 4.5 kGy dose, n = 4. 
^''Different letters within a row are significantly different (P < 0.05). 
""^Different letters within a column with same packaging are significantly different (P < 
0.05). 
SEM: standard errors of the mean. 
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Table 2. Effect of fat content on the production of volatile compounds in irradiated aerobic-
packaged pork sausage after 0 day of storage at 4°C' 
Volatile Nonirradiated Irradiated 
compounds 4.7% 10.5% 15.8% SEM 4.7% 10.5% 15.8% SEM 
Area (pA x sec) 
1-heptene 1.0^ 5.6^ 9.0^ 1.1 57.8 44.0 60.2 6.0 
Propanal 9.6' 12.7" \i.e 0.9 15.7' 20.5b 26.0^ 1.5 
2-methylpropanal 19.8 14.1 17.8 1.7 24.6 32.7 23.6 3.6 
2-methylbutanal 16.8 21.0 12.7 3.3 32.4 26.4 28.5 2.5 
Pentanal 25.7 27.5 25.2 2.5 30.9 32.5 34.3 3.0 
3-pentanone 98.6^ 81.7®" 54.5" 9.9 107.7^ 61.8" 47.2" 11.9 
Hexanal 157.8 141.2 157.6 7.7 201.4^ 177.0^ 144.6" 13.0 
1-butanol 7.8 5.1 4.5 1.4 6.2 7.4 5.1 1.4 
1-pentanol 11.7 12.5 13.0 0.5 15.1^ 14.8^ lO.l" 1.0 
Nonanal 1.0 1.0 1.0 - 6.2^ 3.3" l.O" 0.8 
Decanal nd^ nd nd - 0.8 nd nd 0.1 
1-heptanol 1.0 1.0 1.0 • 1.0 0.5 0.3 0.2 
Aldehydes+ketones 329.1 299.2 286.5 16.6 419.5^ 354.2" 305.2" 19.3 
Alcohols 20.5 18.6 18.4 1.5 22.3^ 22.3' 15.4" 1.6 
Total volatiles 350.5 323.4 313.9 17.2 499.6^ 420.5" 380.8" 22.6 
'irradiated at 0 or 4.5 kGy dose. 
^Not detected. SEM: standard errors of the mean. 
^'^Different letters within a row are significantly different (P < 0.05). n = 12. 
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Table 3. Effect of fat content on the production of volatile compounds in irradiated vacuum-
packaged pork sausage after 0 day of storage at 4°C^ 
Volatile Nonirradiated Irradiated 
compounds 4.7% 10.5% 15.8% SEM 4.7% 10.5% 15.8% SEM 
— Area (pA x sec) 
1-heptene 4.1 6.3 8.2 1.3 59.3 63.8 50.2 4.8 
Propanal 12.1 13.7 16.1 1.1 17.6" 22.2' 23.9' 0.9 
2-methylpropanal 13.8 15.7 13.0 0.7 17.8 18.0 16.3 0.6 
2-methylbutanal 17.4 18.5 17.1 2.4 25.8 32.1 26.4 1.7 
Pentanal 24.5 27.0 26.3 1.4 26.1" 33.6' 32.7' 1.6 
3-pentanone 73.3 75.4 72.2 6.2 55.1 55.4 38.9 11.3 
Hexanal 136.3 156.3 143.2 8.1 224.9' 171.9" 149.7" 7.0 
1-butanol 2.4 2.3 6.2 1.5 7.6 5.6 2.9 1.4 
1-pentanol 12.0 13.5 10.1 1.5 14.1' 12.6'" 11.l" 0.7 
Nonanal 1.0 1.0 1.0 - 6.8' i.o" l.O" 0.1 
Decanal nd^ nd nd - nd nd nd -
1-heptanol 1.0 1.0 1.0 - nd nd nd -
Aldehydes+ketones 303.3 307.6 288.8 15.2 374.2' 334.3'" 289.0" 20.1 
Alcohols 15.4 16.8 17.3 1.7 22.6' 18.2'" 
JO q
 2.0 
Total volatiles 297.8" 331.1^ 314.3^ 8.2 456.1' 416.3'" 353.2" 21.3 
'irradiated at 0 or 4.5 kGy dose. 
^Not detected. SEM: standard errors of the mean. 
^•^Different letters within a row are significantly different (P < 0.05). n = 12. 
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Table 4. Effect of fat content on the production of volatile compounds in irradiated aerobic-
packaged pork sausage after 7 days of storage at 4°C' 
Volatile Nonirradiated Irradiated 
compounds 4.7% 10.5% 15.8% SEM 4.7% 10.5% 15.8% SEM 
a. od.'j 
1-heptene 9.6 9.9 13.5 1.6 60.1' 21.3" 55.3' 2.6 
Propanal 16.0 20.2 13.4 2.3 26.9" 21.2' 34.6' 1.3 
2-methylpropanal 68.8 63.5 120.0 19.0 60.8' 152.7^ 89.8" 4.5 
2-methylbutanal 9.9 13.4 15.3 1.6 22.1' 18.1" 24.9' 1.0 
Pentanal 33.3' 26.9' 20.1" 2.1 35.5' 18.9" 35.6' 1.6 
3-pentanone 93.8 79.0 60.3 9.8 81.8 50.7 54.8 9.3 
Hexanal 369.6' 228.7" 200.7" 9.4 349.7' 202.3" 195.8" 14.9 
1-butanol 8.2 7.5 7.1 0.3 7.6 7.7 6.7 0.5 
1-pentanol 29.8' 25.3' 21.5" 0.6 24.6' 18.1" 15.0" 1.1 
Nonanal 7.0' 3.8" 3.0' 0.2 6.1' 3.6" 2.9" 0.3 
Decanal 4.7 3.9 5.5 1.1 1.0' 0.3" nd^ 0.1 
1-heptanoI 6.8' 4.3b 2.9^= 0.2 5.4' 3.2" 2.2' 0.3 
Aldehydes+ketones 602.9' 439.5" 138.0" 24.6 583.8' 467.7" 437.8" 25.2 
Alcohols 41.8' 37.1" 31.5' 0.9 37.6' 29.0" 24.0' 1.2 
Total volatiles 654.3' 486.5" 483.0" 24.0 681.5' 518.0" 517.2" 27.1 
'irradiated at 0 or 4.5 kGy dose. 
^Not detected. SEM: standard errors of the mean. 
'"^Different letters within a row are significantly different (P < 0.05). n = 12. 
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Table 5. Effect of fat content on the production of volatile compounds in irradiated vacuum-
packaged pork sausage after 7 days of storage at 4°C' 
Volatile Nonirradiated Irradiated 
compoimds 4.7% 10.5% 15.8% SEM 4.7% 10.5% 15.8% SEM 
Area (pA x sec) 
1-heptene 5.3" 6.9®" 9.1® 0.7 53.5 50.5 55.2 1.7 
Propanal 1.5" 11.5" 15.1® 0.7 c
r 16.8® 2o.r 1.1 
2-methylpropanal 14.4 13.2 14.3 0.6 17.6 17.6 16.4 0.4 
2-methylbutanal 15.1 18.1 19.4 6.0 28.1' 42.4® 36.3" 1.9 
Pentanal 18.2 18.2 22.9 3.4 23.3" 29.5® 30.6® 1.7 
3-pentanone 51.3 59.9 57.4 5.7 79.9 82.7 66.8 10.1 
Hexanal 109.3 100.7 103.9 4.6 131.9®" 122.7®" 102.3" 7.3 
1-butanol 6.3 5.3 4.6 0.6 6.0 6.8 5.4 0.4 
1-pentanol 10.2 10.2 9.5 0.3 9.7® 10.9® 7.5" 0.3 
Nonanal 0.5 0.3 nd 0.2 2.2®" 1.7®" 1.2" 0.2 
Decanal nd^ nd nd - nd nd nd -
1 -heptanol 0.5 0.3 nd 0.2 1.4® 1.0® 0.3" 0.2 
Aldehydes+ketones 216.3 221.9 233.0 16.2 294.5 313.4 267.2 19.0 
Alcohols 17.1 15.7 14.0 1.0 17.0" 18.7® 12.4'= 0.5 
Total volatiles 238.7 244.5 256.1 16.8 365.1 382.6 341.9 19.4 
'irradiated at 0 or 4.5 kGy dose. 
^Not detected. SEM: standard errors of the mean. 
^•^Different letters within a row are significantly different (P<0.05).n=12. 
Figure 1. Color changes of cooked pork sausages with aerobic packaging during storage (•, 
nonirradiated pork sausage with 0% fat added; 0, nonirradiated pork sausage with 10% fat 
added; O, nonirradiated pork sausage with 20% fat added; •, irradiated pork sausage with 
0% fat added; •, irradiated pork sausage with 10% fat added; •, irradiated pork sausage 
with 20% fat added). ^"^Different letters within a storage day are significantly different (p < 
0.05). Non-IR, nonirradiated; IR, irradiated. 
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Figiire 2. Color changes of cooked pork sausages with vacuum packaging during storage (•, 
nonirradiated pork sausage with 0% fat added; 0, nonirradiated pork sausage with 10% fat 
added; O, nonirradiated pork sausage with 20% fat added; •, irradiated pork sausage with 
0% fat added; •, irradiated pork sausage with 10% fat added; #, irradiated pork sausage 
with 20% fat added). ^"^Different letters within a storage day are significantly different (p < 
0.05). Non-IR, nonirradiated; IR, irradiated. 
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CHAPTER 5. VOLATmE COMPOUNDS PRODUCTION AND OXTOATTVE 
CHANGES IN IRRADIATED PORK SAUSAGE WITH DIFFERENT FATTY ACID 
COMPOSITION AND TOCOPHEROL CONTENT^ 
A paper submitted to the Journal of Food Science 
C. Jo^ and D. U. Ahn^ 
ABSTRACT 
Aerobic-packaged sausage irradiated at 4.5 kGy had higher (P<0.05) 2-thiobarbituric 
acid reactive substances (TEARS) than those irradiated at 0 or 2.5 kGy at 0-day storage. 
Generally, TEARS of aerobic- or vacuum-packaged sausage prepared with lard were higher 
(P<0.05) than sausage prepared with flaxseed oil or com oil. The amount of 1-heptene and 1-
nonene increased (P<0.05) with increased irradiation doses. Aldehydes, ketones, and alcohols 
were not influenced by irradiation at 0-day storage. However, irradiation accelerated lipid 
oxidation and increased the amount of aldehydes, ketones, and alcohols in aerobic-packaged 
sausage during storage. The tocopherol content in the sausage significantly influenced (P < 
0.05) volatile compounds production. 
' Jorvmal paper No. J-18249 of the Iowa Agriculture and Home Economic Experiment 
Station, Ames, lA. 50011-3150, supported by Hatch Act and Food Safety Consortium. 
^Primary author and researcher 
^Author for correspondence 
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INTRODUCTION 
The Food and Drug Administration (FDA) approved irradiation for poultry and red 
meat to control food-bome pathogens and extend product shelf-life (Gants, 1998). However, 
one of the major concems in irradiating meat is the effect on meat quality. When molecules 
absorb ionizing energy they become reactive and form ions or free radicals that react to form 
stable radiolytic products (Woods and Pikaev, 1994). These reactive substances oxidize 
myoglobin and fat which may cause discoloration, rancidity, and off-odor in meat (Murano, 
1995). Hashim et al. (1995) reported that irradiated (between 1.66 and 2.66 kGy absorbed 
doses) uncooked chicken breast and thigh meat produced a characteristic bloody and sweet 
aroma that remained after thigh was cooked. Patterson and Stevenson (1994) reported that 
dimethylsulfide was the most potent off-odor compound, followed by cis-3- and trans-6-
nonenal, oct-l-en-3-one, and methylthiomethane in irradiated raw chicken. Lipid oxidation 
by-products are considered important volatile compounds related to the off-odor production 
in irradiated meat. However, pre-rigor beef irradiated at 2.0 kGy and stored at 2° C in 
modified atmosphere packaging (25% CO2 and 75% N2) did not increase lipid oxidation (Lee 
et al., 1996). 
The degree of unsaturation of a fatty acid affects oxidation rate significantly. The 
relative reaction rate of linolenic acid (CI 8:3) with oxygen is much faster than that of linoleic 
acid(C18;2) and oleic acid (CI 8:1) (Frankel, 1991). Although a minor portion of total fatty 
acid, the content of linolenic acid has an impact on oxidative stability and flavor of soybean 
oils (Miller and White, 1988; Liu and White, 1992). Hau et al. (1992) reported that 
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irradiation of frozen grass prawns at 10 kGy reduced levels of polyunsaturated fatty acids by 
25-32%, possibly due to oxidation and decomposition of lipids into volatile compounds. The 
amoimt of free fatty acids was increased by irradiation at 10 and 15 kGy doses, and gamma 
irradiation at 15 kGy resulted in loss of phospholipids in rice bran during storage (Shin and 
Godber, 1996). 
The oxidation of lipids in raw meat is closely related to the antioxidant potential of 
muscle tissues. Tocopherol is the major antioxidants located in cell membranes and protect 
membrane fatty acids and cholesterol from peroxidative damages caused by highly reactive 
free radicals such as hydroxyl, peroxyl and superoxide radicals (Buckley et al., 1995; Liu et 
al., 1995). The dietary supplementation of vitamin E or direct addition of vitamin E to meat 
during processing decides tocopherol content in meat products. The increased vitamin E 
concentration in meat products can improve the storage stability of raw meat during storage 
(Ajuyah et al., 1993; Winne and Dirinck, 1996). The free radicals generated by irradiation 
can destroy antioxidants in muscle, reduce storage stability and increase off-flavor 
production in meat (Thayer et al., 1993; Lakritz et al., 1995). 
Irradiation increased 2-thiobarbituric acid (TBA) values and carbonyl content in 
ground chicken meat (Kanatt et al., 1998). Lipid oxidation and the production of volatile 
compounds were correlated well, and hexanal and total volatile compounds represented the 
lipid oxidation status better than any other individual volatile component in irradiated pork 
patties (Ahn et al., 1998). However, little is known about the effect of irradiation on 
production of volatile compoimds and lipid oxidation in irradiated meat with different fatty 
acid composition. 
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The objective of this study was to determine the effects of irradiation on lipid 
oxidation and production of volatile compoxmds in pork sausage with dijfferent fatty acid 
composition. 
MATERIALS AND METHODS 
Sample preparation 
Lean pork was purchased from a local meat packer and ground through a 9-mm plate 
twice. Pork sausages were prepared with the lean meat, oil (lard, com oil, or flaxseed oil, 
10% of lean meat), NaCl (2%), and ice water (10%). The emulsified meat batters were 
stuffed into collagen casings (3 cm in diameter) and cooked in a smokehouse to an internal 
temperature of 72°C. After cooling in ice water for 20 min, sausages were sliced to 2 cm-
thick pieces (approximately 30 g) and vacuum packaged individually into oxygen-
impermeable nylon/polyethylene bags (9.3 mL 02/m2/24 h at 0° C; Koch, Kansas City, MO) 
to minimize oxidative changes between sample preparation and delay before irradiation. 
After storing overnight in a 4°C refrigerator, half of the samples were left as vacuum-
packaged and the other half were cut open and flushed with air to produce aerobic-packaged 
conditions before irradiation. Sausages were irradiated at 0, 2.5, or 4.5 kGy absorbed dose by 
using a Linear Accelerator (Circe IIIR, Thomson CSF, Linac, France). Samples were stored 
in a 4°C refrigerator for up to 7 days. 
Lipid oxidation, fat content, and fatty acid composition 
Lipid oxidation was determined as a TEA reactive substances (TEARS) value by 
using a spectrophotometer (DU series 600, Beckman Instruments, Inc., Harbor Blvd., 
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Fullerton, CA) as described (Ahn et al., 1998). TEARS values were expressed by mg 
malondialdehyde (MDA) per kg meat. Total fat content was determined by the Folch's 
extraction method (Folch et al., 1957). Fatty acid methylation was performed with BF3-
methanol (14% solution, Supelco, Bellefonte, PA). The fatty acid methyl esters were 
separated on a Hewlett Packard Gas Chromatography (GC, Model 6890, Hewlett Packard 
Co., Wilmington, DE) equipped with a flame ionization detector. A split inlet (split ratio, 
29:1) was used to inject samples into a HP-5 capillary column (0.25 mm x 30 m x 0.25 nm), 
and ramped oven temperature was used (80°C for 0.3 min, increased to 180°C @30°C/min, 
and increased to 230°C @6°C/min). Inlet temperature was I80°C and detector 280°C. 
Helium was the carrier gas at constant flow of 1.1 mL/min. Detector air. Hi, and make-up gas 
(He) flows were 300 mL/min, 30 mL/min, and 28 mL/min, respectively-
Volatile compound analysis 
Precept II and Purge-and-Trap concentrator 3000 (Tekmar-Dohrmann, Cincinnati, 
OH) were used to purge and trap added volatile compounds. A GC (Model 6890, Hewlett 
Packard Co., Wilmington, DE) with a mass selective detector (MSD, Model 5973, Hewlett 
Packard Co., Wilmington, DE) was used to qualify and quantify the volatile compounds. 
The sample (2 g) was placed in a sample vial (40 mL), capped tightly, and placed on 
the sample holder maintained at refrigerated temperature (3°C). Oxygea absorber (Ageless, 
ZPT-50, Mitsubishi Gas Chemical America, Inc., New York, NY) was used to minimize 
oxidative changes during analysis. Samples were purged at 40°C with heliiun (40 mL/min) 
for 11 mtn. Volatile compounds were trapped by using a Tenax/silica/charcoal column 
(Tekmar-Dohrmann, Cincinnati, OH), desorbed for 1 min at 220°C. The temperature of 
transfer lines was maintained at 155°C. A split inlet (split ratio, 49:1) was used to inject 
volatile compounds into an HP-wax bonded polyethyleneglycol coliram (60 m, 250 jim i.d., 
0.25 |j,m nominal), and ramped oven temperature was used (32°C for 1 min, increased to 
40°C @2°C/min, to 50°C @5°C/min, to 70°C @10°C/min, to 140°C @20°C/min, to 200°C 
@30°C/min and held for 5 min). Helium was the carrier gas at constant flow of 1.1 mL/min. 
The ionization potential of MS was 70 eV, scan range was 50 to 550 m/z, and scan velocity 
was 2.94 scan/sec. The identification of volatile compounds was achieved by comparing 
mass spectral data with those of the Wiley library (Hewlett Packard Co., Wilmington, DE). 
The peak area (total ion counts x 10^) was reported as the amount of volatile compounds 
released. 
Vitamin E analysis 
Sausage (2 g) was homogenized in 10 mL (wt/vol) of phosphate-EDTA buffer (pH 
7.0). The amoimts of a- and y-tocopherol were determined using High Performance Liquid 
Chromatography (HPLC, Shimadzu Co., Kyoto, Japan) as described by Aim et al. (1995). 
Statistical analysis 
Two-way Analyses of Variance (SAS Institute, Inc., 1989) was used to determine the 
effect of irradiation dose and different fat sources. The total niomber of samples used for the 
experiment was 144 (3 irradiation doses x 3 fat sources x 2 packaging methods x 2 storage x 
4 replications), and significance level was determined at p<0.05. The Student-Newman-
Keul's multiple range test was used to compare differences among mean values of TEARS 
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values and the amount of volatile production. Mean values and standard errors of the mean 
(SEM) were reported. The relationships between volatile compounds and TEARS were 
analyzed by the SAS program and correlation coefficients were provided. 
RESULTS AND DISCUSSION 
Lipid oxidation 
The lipid content of sausage with lard, com oil, and flaxseed oil were 10.3, 10.5, and 
10.5%, respectively, and there was no difference in Upid content among oil treatments. The 
sausage made with lard had the highest oleic acid (47.3%), and that made with com oil and 
flaxseed oil had high linoleic acid (42.3%) and linolenic acid (38.2%), respectively. The 
amount of a-tocopherol in sausage was the highest with flaxseed oil and the lowest with lard, 
but the difference was small. However, the amount of y-tocopherol in sausage prepared with 
flaxseed oil was 100 to 200-fold higher than that prepared with lard and com oil (Table 1). 
Aerobic-packaged sausage irradiated at 4.5 kGy had higher TEARS than nonirradiated 
sausage or irradiated at 2.5 kGy at Day 0 regardless of fat sources (Table 2). In vacuum 
packaging, sausage irradiated at 4.5 kGy had higher TEARS than those of nonirradiated or 
irradiated at 2.5 kGy in flaxseed oil treatment: however, the difference generated by 
irradiation disappeared after 8 days of storage (Table 3). 
TEARS of sausage prepared with lard was higher than that with com or flaxseed oil 
in both packaging methods during storage. Sausage prepared v^dth flaxseed oil had higher 
polyunsaturated fatty acid content but produced a lower level of lipid oxidation than other 
treatments probably because of high tocopherol content present in flaxseed oil. Lard and com 
oil used in this study were vitamin E stripped, but flaxseed oil was not because we could not 
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find stripped flaxseed oil. High vitamin E content in muscle by dietary supplementation 
reduced cholesterol oxidation in chicken muscle (Galvin et al., 1998) and was helpful in 
maintaining low TEARS values in irradiated turkey breast and leg meat patties during the 7-
day storage (Ahn et al., 1997). 
After 8 days of storage, aerobic-packaged sausages prepared with flaxseed oil 
produced as high TEARS as with com oil suggesting that high linolenic acid compensated 
antioxidant effect of vitamin E in sausages prepared with flaxseed oil under aerobic 
conditions. In oxygen-free environment, however, the rate of lipid oxidation in sausages was 
influenced mostly by the amoimt of tocopherol and fatty acid composition of the product had 
little effect. During 8 days of storage, the TEARS of aerobic-packaged sausages increased 
2.2- to 4.5-foId but TEARS of vacuum-packaged sausages did not. 
Volatile compounds 
Volatile compounds of vacuum-packaged pork sausages at Day 0 (Table 4) indicated 
that sausages prepared with lard produced more 1-heptene and 1-nonene but less 1-pentanol 
and 1-heptanol when irradiated than nonirradiated. Sausages made with com oil produced 
more 1-heptene, 1-nonene, pentanal, 2-pentanone, and total volatile compounds when 
irradiated than nonirradiated. Irradiated sausages made with flaxseed oil produced more 1-
heptene, propanal, 1-nonene 2-pentanone, and total volatile compounds but less 3-heptanol 
and 1-heptanol than nonirradiated. More 1-pentene+hexane was produced from sausages 
with lard than those prepared with com oil or flaxseed oil, resulting in higher total volatile 
compounds for lard than that with com or flaxseed oil (P<0.05). 1-Pentene and hexane could 
not be separated by the method used (Table 4). 
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After 8 days of storage in vacuum packaging (Table 5), irradiated pork sausages produced 
more 1-pentene+hexane, 1-heptene, 2-propanone, 1-nonene, and total volatile compounds 
than nonirradiated. However, pork sausages prepared with lard or com oil produced more 
hexanal and 1-heptanol when nonirradiated or irradiated at low dose (2.5 kGy) than irradiated 
at high dose (4.5 kGy). Production of some minor volatile compounds was inconsistent. 
During the 8 day-storage in vacuum packaging, no significant changes in the amount 
of irradiation-sensitive compoimds, 1-heptene and 1-nonene, were observed. Hexanal content 
in sausage prepared with lard and vacuum-packaged showed a decreasing trend with the 
increase of irradiation dose at Day 8 but that of other sausages was not consistent in hexanal 
content (Tables 4 and 5). Shahidi and Pegg (1994) observed a marked decrease in hexanal 
content upon extended storage and suggested that the reactions of hexanal with meat 
components or its further oxidation to hexanoic acid were responsible for the reduction of 
hexanal. 
With aerobic packaging, all irradiated sausages produced more 1-heptene, propanal, 
2-propanone, and 1-nonene than nonirradiated ones at Day 0 (Table 6). hradiated sausages 
prepared with lard or com oil produced more 1-pentene+hexane than nonirradiated ones. 
Irradiation influenced the content of pentanal, 2-methylpentanal, and sec-butanol in sausages 
but its effect was not consistent. The amounts of 3-heptanol, 1-pentanol, and 1-heptanol 
generally showed decreasing trends as irradiation dose increased but the trends were not 
consistent (Table 6). Sausage prepared with lard and irradiated at 4.5 kGy produced more 
total volatile compounds than nonirradiated sausage or irradiated at 2.5 kGy. After 8 days of 
storage in aerobic packaging, all irradiated sausages produced more 1-heptene, 1-nonene, and 
total volatile compoimds than nonirradiated ones (P<0.05, Table 7). The amoimts of 3-
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heptanol, 1-pentanol, 1-hexanol, and 1-heptanol showed decreasing trends as irradiation dose 
increased but the changes were not always significant (Table 7). 
Sausage made with flaxseed oil showed a large increase of propanal and 4- to 6-fold 
increase of hexanal during the 8-day storage in aerobic conditions (Tables 6 and 7). The large 
increase in hexanal could be explained by the high n-3 fatty acid (18:3), which accelerates 
lipid oxidation in flaxseed oil under aerobic conditions. Hexanal content in sausages prepared 
with lard or com oil also increased during storage in aerobic conditions (Tables 6 and 7). 
Katusin-Rasem et al. (1992) reported that irradiation-induced oxidation was dose-dependent 
£ind the presence of oxygen had a significant effect on the rate of oxidation. Hexanal, an 
indicator of oxidative deterioration, was not influenced by irradiation dose, indicating that the 
production of hexanal during storage was closely related to lipid oxidation but not to 
irradiation. Larick et al. (1992) found that meat from high safflower diets produced more 
pentanal, hexanal, 2-heptanone, trans-2-heptanal, 2-pentylfuran, 2-ethyl-1-hexanol, decanal, 
and undecanal than did tallow. Larick et al. (1992) also indicated that the amoimt of 
aldehydes could be an indicator of the oxidative stability of the meat. Lopez-Bote et al. 
(1997) reported that meat firom rabbits fed a sunflower oil diet was more susceptible to lipid 
oxidation than that meat from rabbits fed an olive oil diet, and diets rich in CI8:2 resulted in 
increased pentanal, hexanal, and total volatile aldehydes production in meat. The amounts of 
1-heptene and 1-nonene also increased significantly during storage with aerobic packaging, 
indicating that these compounds can be produced not only by irradiation but also by 
oxidation of lipids. 
The amounts of 1-heptene and 1-nonene increased 3- to 5-fold by irradiation 
regardless fat source, packaging, and storage time. Singh et al. (1993) reported that formation 
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of nonane could be used as a marker of irradiation in homogenized bacon. However, nonane 
was not detected by the method used. The amounts of some volatile compounds decreased 
during the 8-day storage when the irradiation dose and packaging treatments were pooled and 
analyzed (Table 8). 
In general, the production of total volatile compounds was highest in sausage 
prepared with lard and lowest in sausage prepared with flaxseed oil except for the samples 
which were aerobic-packaged at 0 day storage (Tables 4, 5, and 7). Sausage made with lard 
contained a large proportion of saturated fatty acids but showed the highest production of 
total volatile compounds. This indicated that the presence of antioxidant significantly 
influenced production of volatile compounds. No significant change in volatile production in 
vacuum-packaged sausage during storage indicates that vacuum packaging prevented 
oxidation almost completely during the 8-day storage. However, irradiation-sensitive 
compoimds (1-heptene and 1-nonene) were not influenced by oxygen availability. If these 
hydrocarbon compoimds were responsible for irradiation odor, packaging methods would not 
reduce off-flavor problems of irradiated meat. 
TEARS correlated well (r^O.7, P<0.01) with propanal, hexanal, 3-heptanol, 1-
pentanol, cyclohexanone, 1-heptanol, and total volatile compounds in all sausages with 
aerobic packaging, indicating that these compounds are highly lipid oxidation-dependent 
(Table 9). In contrast, 1-heptene and 1-nonene showed very low correlation coefficients with 
TBARS in aerobic packaging, indicating that lipid oxidation-induced and irradiation-induced 
volatile compounds could be separated. Almost all volatile compounds in vacuum packaging 
had no relationship with TBARS, and some of them showed decreasing trends with storage. 
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This indicated that lipid oxidation cannot progress without oxygen even in cooked meat 
products. 
CONCLUSION 
An oxygen-free environment can minimize production of off-odor compounds from 
lipid oxidation. However, vacuirai packaging may not control the production of irradiation-
dependent volatile compounds in pork sausage. Antioxidant may reduce the volatile 
compounds that related to lipid oxidation. 
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Table 1 - Major fatty acids and vitamin E content of cooked pork sausages prepared 
with different fat sources 
Fatty acid composition Tocopherol 
Fat source 16:0 16:1 18:0 18:1 18:2 18:3 a- y-
(% of total fat) (l^g/g) 
Lard 23.32® 0.44 22.01® 47.31® 6.71= o.oo" 0.79= 0.12" 
Com oil 13.46" 0.25 8.05" 35.87" 42.27® o.oo" 1.44" 0.24" 
Flaxseed oil 12.51" 1.09 7.16" 18.93= 21.14" 38.21® 1.75® 24.17® 
SEM 1.57 0.31 2.52 1.45 3.17 0.23 0.44 0.40 
^"'^Different letters within a column are significantly different (P<0.05). 
SEM: Standard errors of the mean. 
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Table 2 - T6ARS values (mg malondialdehyde/kg) of irradiated cooked pork sausages 
prepared with different fat sources after 0-day storage 
Irradiation dose Lard Com oil Flaxseed oil sem' 
— (mg malondialdehyde/kg sausage) 
Aerobic packaging 
0 kGy 1.45"^ 1.20''^ 1.08"^ 0.05 
2.5 kGy 1.69"y 1.13"^ 1.03"^ 0.04 
4.5 kGy 2.25^ 1.72'"' 1.53'"' 0.10 
SEM  ^ 0.09 0.04 0.06 
Vacuum packaging 
0 kGy 1.06^ 0.87'' 0.79"^ 0.04 
2.5 kGy 1.14^ 0.77'' 0.90^y 0.08 
4.5 kGy 1.13^ 0.87" 1.18=" 0.07 
SEM  ^ 0.07 0.05 0.07 
^''Different letters within a row are significantly different (P<0.05). 
"'^Different letters within a column with same packaging are significantly different (P<0.05) 
^Standard errors of the mean among different fat sources within the same irradiation dose. 
^Standard errors of the mean among different irradiation doses within the same fat sources. 
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Table 3 - TBARS values (mg malondialdehyde/kg) of irradiated cooked pork sausages 
prepared with different fat source after 8-day storage 
Irradiation dose Lard Com oil Flaxseed oil sem' 
(mg malondialdehyde/kg sausage) — 
Aerobic Packaging 
OkGy 5.71® 4.50" 4.70" 0.21 
2.5 kGy 5.20® 3.50'' 3.84" 0.32 
4.5 kGy 5.01® 3.88'' 4.53®" 0.27 
SEM  ^ 0.25 0.29 0.31 
Vacuum Packaging 
OkGy 1.27® 1.07" 0.92' 0.05 
2.5 kGy 1.11® 0.90" 0.97" 0.03 
4.5 kGy 1.14® i.oo" 0.99" 0.04 
SEM  ^ 0.04 0.05 0.04 
^'''Different letters within a row are significantly different (P<0.05) 
'standard errors of the mean among different fat sources within the same irradiation dose. 
^Standard errors of the mean among different irradiation doses within the same fat sources. 
Table 4 - Volatile compounds production of vacuum-packaged, irradiated cooked pork sausage after 0-day 
storage at 4°C 
Lard Com oil Flaxseed oil 
Irradiation dose 0 kGy 2.5 kGy 4.5 kGy SEM 0 kGy 2.5 kGy 4.5 kGy SEM 0 kGy 2.5kGy4.5kGy SEM 
Volatile Compounds Area (ion count x 1000) 
1-Pentene, hexane 169.7 162.9 153.3 10.6 87.7 101.6 83.8 6.6 30.3 36.6 38.2 2.8 
1-Heptane 14.2' 42.4'' 68.5" 6.0 7.3' 34.6" 62.6" 3.5 6.6' 32.4" 61.5" 0.8 
Propanal 8.2 9.2 7.7 1.2 5.6 6.2 7.0 0.4 7.0" 10.0" 10.4" 0.5 
2-Propanone 22.3 22.0 23.8 0.6 15.4' 21.1" 26.2" 0.4 19.0' 23.0" 26.4" 0.4 
1-Nonene 6.7' 22.6'' 34.5" 0.8 7.0' 19.7" 33.6" 0.5 6.6' 20.0" 35.0" 0.6 
Pentanal 21.3 25.1 22.8 1.8 13.6" 23.2" 22.9" 2.1 17.4 18.7 17.5 0.5 
2-Methylpentanal 124.1 111,9 103.0 6.6 62.8 111.9 105.1 13.5 89.5 95.5 87.4 3.5 
2-Pentanone 14.9 13.6 14.3 1.6 6.6" 15.1" 13.5" 1.7 10.9 10.8 11.4 0.4 
Sec-butanol 83.3 72.7 68.4 4.9 43.4 76.9 70.5 9.3 64.6 69.0 63.5 2.8 
Hexanal 73.0 62.7 48.6 7.1 42.2 50.9 50.5 6.4 23.9 28.5 23.4 1.7 
3-Heptanol 2.7 2.2 2.0 0.2 2.2 2.0 1.9 0.1 4.9" 4.2" 3.8" 0.2 
1-Pentanol 13.5" 11.3" 9.6" 0.5 10.8 9.8 9.7 0.6 7.5 7.6 7.6 0.2 
Cyclohexanone 1.9 1.9 1.9 - 1.9 1.9 1.9 - 2.3 2.2 2.3 0.1 
1-Hexanol 1.9 1.9 1.9 - 1.9 1.9 1.9 - 3.1 3.4 3.5 0.1 
Nonanal 2.5 2.7 2.9 0.1 2.7 2.8 2.9 0.1 2.6" 2.2" 2.2" 0.1 
1-Heptanol 4.8" 3.8"" 3.2" 0.4 3.5 3.3 2.7 0.4 1.9 1.9 1.9 -
Total 564.8 568.8 566.6 23.7 314.2" 482.5" 496.4" 31.8 297.9" 364.6" 395.9" 8.1 
"•"^Different letters within the same fat source are significantly different (P<0.05); n=12. 
SEM: Standard errors of the mean among different irradiation within a fat source. 
Table 5 - Volatile compoundss production of vacuum-packaged, irradiated cooked pork sausage after 8-day 
storage at 4°C 
Lard Corn oil Flaxseed oil 
Irradiation dose 0 kGy 2.5 kGy 4.5 kGy SEM 0 kGy 2.5 kGy 4.5 kGy SEM 0 kGy 2.5 kGy 4.5 kGy SEM 
Volatile compounnds Area (ion count x 1000) 
1-Pentene, hexane 135.5 157.7° 165.9° 7.5 37.3' 52.8" 68.8° 2.3 30.9' 37.4" 49.9" 1.3 
1-Heptene 14.4' 47.6" 73.1° 1.9 9.1' 39.7" 64.2° 1.9 9.3' 33.0" 58.9° 0.8 
Propanal 12.0" 12.9°" 13.8° 0.3 7.9 9.6 8.6 0.5 12.1" 13.4° 14.1° 0.4 
2-Propanone 20.5" 25.3° 26.6° 0.6 18.6' 23.1" 28.7° 0.5 20.8" 22.9" 27.0° 0.7 
1-Nonene 8.5' 22.5" 34.2° 0.9 6.7' 19.2" 34.2° 0.8 7.9' 19.1" 33.2° 0,4 
Pentanal 13.1 9.3 11.2 0.9 15.7 13.4 17.1 1.7 14.2 14.9 13.5 0.6 
2-Methylpentanal 72.8 72.8 71.9 3.6 73.6 84.6 73.6 4.5 67.9 71.7 62.8 4.6 
2-Pentanone 11.4 10.8 10.3 1.2 12.3 14.6 12.4 0.9 9.8 11.0 8.8 1.2 
Sec-butanol 46.2 46.2 45.3 2.5 49.9 57.2 49.9 3.4 47.7 50.0 44.7 3.4 
Hexanal 71.0° 57.5°" 47.3" 5.9 68.9° 62.4° 44.4" 3.8 29.0 28.2 29.0 1.7 
3-Heptanol 2.4° 2.1°" 2.0" 0.1 2.0 2.0 2.2 0.1 2.6 2.5 2.5 0.1 
1-Pentanol 14.1 14.0 10.0 1.7 13.0° 11.5" 10.2' 0.3 8.9 8.2 8.3 0.3 
Cyclohexanone 1.9 1.9 1.9 0.0 1.9 1.9 2.0 0.0 2.4 2.1 2.2 0.1 
1-Hexanol 1.9 1.9 1.9 0.0 1.9 1.9 2.0 0.0 3.0 3.2 3.4 0.2 
Nonanal 2.0 1.9 1.9 0.0 1.9" 2.0" 2.5° 0.1 2.5 2.0 2.0 0.2 
1-Heptanol 4.1° 3.4°" 2.8" 0.3 3.3° 3.0° 2.0" 0.1 2.0 2.0 2.0 -
Total 431.5" 487.9°" 520.2° 19.0 323.9" 398.8° 422.8° 11.7 271.0' 321.4" 362.1° 9.9 
"•'Different letters within the same fat source are significantly different (P<0.05); n=12. 
SEM: Standard errors of the mean among different irradiation within a fat source. 
Table 6 - Volatile compounds production of aerobic-packaged, irradiated cooked pork sausage after 0-day 
storage at 4°C 
Lard Com oil Flaxseed oil 
Irradiation dose 0 kGy 2.5 kGy 4.5 kGy SEM 0 kGy 2.5 kGy 4.5 kGy SEM 0 kGy 2.5 kGy 4.5 kGy SEM 
Volatile compounds Area (ion count x 1000) 
1-Pentene, hexane 109.l" 122.4"" 139.7" 5.6 98.7" 120.7"" 127.9" 7.3 25.7 31.6 54.4 9.1 
1-Heptene 9.6" 40.4" 63.6" 1.0 7.1" 38.2" 74.7" 5.2 7.7" 36.7" 76.8" 6.1 
Propanal 3.8® 4.3" 6.6" 0.5 5.4" 7.0" 7.6" 0.4 lO.O" 14.0" 13.8" 0.5 
2-Propanone 20.5" 25.3" 26.4" 0.7 16.8" 22.8" 26.0" 0.4 19.7" 23.7" 24.8" 0.4 
1-Nonene 8.6" 23.5" 33.2" 0.8 5.2" 17.8" 34.0" 0.5 13.6" 22.4" 34.8" 1.6 
Pentanal 15.9" 15.4" 25.6" 2.4 17.8"" 22.7" 15.9" 1.4 25.6 20.8 23.2 1.9 
2-Methylpentanal 63.8" 49.7" 106.0" 13.0 71.9"" 83.1" 50.3" 7.5 125.4 92.2 105.1 11.4 
2-Pentanone 8.1 6.9 14.7 2.2 9.5 13.1 7.9 2.1 16.3 11.8 13.8 1.4 
Sec-butanol 51.6"" 42.3" 79.1" 9.0 53.0"" 61.6" 37.5" 5.5 90.9 67.4 75.8 8.2 
Hexana! 75.4 67.8 62.6 6.0 59.9 67.0 57.2 6.2 42.0 38.7 41.4 3.4 
3-Heptanol 2.2" 1.9" 1.9" 0.1 2.2 2.1 1.9 0.1 5.8" 5.2" 4.1" 0.2 
1-Pentanol 13.6" 11.6" 10.7" 0.5 12.9" 12.8" 10.4" 0.5 11.1 8.7 9.6 0.7 
Cyclohexanone 1.9 1.9 1.9 - 1.9 1.9 1.9 - 2.4" 2.3" 2.0" 0.1 
1-Hexanol 1.9 1.9 1.9 - 1.9 1.9 1.9 - 3.3 3.4 3.3 0.1 
Nonanal 3.0 2.8 2.5 0.2 2.0 2.2 2.1 0.1 2.5 2.6 2.5 0.1 
1-Heptanol 4.1" 3.5" 2.9" 0.2 3.8 3.5 2.6 0.3 1.9 1.9 1.9 -
Total 392.8" 421.3" 579.1" 32.6 370.0 477.2 459.6 28.1 402.8 383.2 487.0 33.3 
®"®Different superscript letters within the same fat source are significantly different (P<0.05); n=12. 
SEM: Standard errors of the mean among different irradiation within a fat source. 
Table 7 - Volatile compounds production of aerobic-packaged, irradiated cooked pork sausage after 8-day 
storage at 4®C 
Lard Com oil Flaxseed oil 
Irradiation dose OkGy 2.5 kGy 4.5 kGy SEM OkGy 2.5kGy4.5kGy SEM OkGy 2.5 kGy 4.5 kGy SEM 
Volatile compounds Area (ion count x 1000) 
l-Pentene, hexane 264.6 234.2 275.8 15.7 80.9 104.2 107.7 8.7 49.5" 52.1" 67.5" 4.4 
1-Heptene 16.7" 54.7" 87.1" 8.3 15.3" 65.0" 108.1" 6.5 22.7" 59.8" 92.8" 1.7 
Propanal 25.8 40.1 39.0 3.7 20.1" 28.3" 29.1" 1.6 88.8 82.9 87.3 5.8 
2-Propanone 46.2 54.1 67.7 8.2 44.5 28.3 39.5 6.0 21.0" 25.6" 29.8" 0.3 
1-Nonene 21.3" 23.3" 35.4" 3.3 8.9" 21.7" 37.5" 1.3 10.6" 24.6" 39.1" 0.6 
Pentanal 29.f 40.0" 43.3" 2.2 41.4"" 49.2" 36.3" 2.9 23.6 21.2 25.9 2.9 
2-Methylpentanal 135.1 140.5 159.3 17.5 112.2 122.7 119.3 6.2 77.6 93.6 94.3 7.0 
2-Pentanone 14.3 14.9 18.7 1.8 14.2 17.4 18.6 1.4 13.6 12.4 14.3 1.2 
Sec-butanol 89.4 92.9 103.9 11.2 74.3 78.9 78.4 4.0 56.5 62.2 64.1 3.5 
Hexanal 275.5 302.6 294.7 16.7 338.4 405.2 320.1 28.4 239.9 263.3 266.2 16.1 
3-Heptanol 5.4 5.0 4.7 0.3 4.7" 4.5" 3.5" 0.2 14.8" 13.3" 12.4" 0.3 
1-Pentanol 48.0 39.5 35.6 3.4 45.3" 43.8" 34.5^ 1.5 30.0" 28.3"" 26.6^ 0.7 
Cyclohexanone 3.0 3.4 3.1 0.3 2.5" 3.0" 2.2" 0.1 6.4 6.2 6.0 0.3 
1-Hexanol 5.9" 3.0" 2.8" 0.5 3.5" 2.6" 2.2" 0.2 4.2 4.1 4.1 0.1 
Nonanal 3.4 3.4 3.5 0.2 2.7 3.0 2.6 0.2 2.3 2.1 2.5 0.1 
1-Heptanol 9.2 10.0 9.1 0.3 9.5" 9.4" 6.5" 0.6 5.2 5.0 4.6 0.4 
Total 993.3" 1061.4"" 1183.4" 43.4 818.5" 986.0" 945.6" 36.8 666.5" 756.0" 837.2" 23.9 
"•"Different superscript letters within the same fat source are significantly different (P<0.05); n=12. 
SEM: Standard errors of the mean among different irradiation within a fat source. 
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Table 8 - Probability value (Pr > F) of storage and packaging effect on the production 
of volatile compounds from sausage prepared with different fat sources. 
Volatile 
compounds 
Storage' Packaging^ 
Lard Com oil Flaxseed oil Lard Com oil Flaxseed oil 
1-Pentane, hexane 0.0001 0.0001 0.004 0.01 0.0001 0.02 
1-Heptene 0.25 0.16 0.25 0.80 0.10 0.05 
Propanal 0.0001 0.0001 0.0001 0.0003 0.0001 0.0001 
2-Propanone 0.0001 0.0003 0.06 0.0001 0.003 0.33 
1-Nonene 0.38 0.60 0.87 0.39 0.83 0.22 
Pentanal 0.22 0.0006 0.129 0.0002 0.0001 0.0001 
2-Methylpentanal 0.16 0.04 0.0001 0.15 0.31 0.0001 
2-Pentanone 0.31 0.001 0.20 0.77 0.39 0.0001 
Sec-butanol 0.52 0.13 0.0001 0.02 0.23 0.0001 
Hexanal 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
3-Heptanol 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
1-Pentanol 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
Cyclohexanone 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
1-Hexanol 0.0011 0.0001 0.003 0.001 0.0003 0.0001 
Nonanal 0.71 0.95 0.03 0.0001 0.89 0.08 
1-Heptanol 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
Total volatile compounds 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
'irradiation and packaging treatments were pooled, n = 48. 
^Irradiation and storage treatments were pooled, n = 48. 
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Table 9 - Correlation coefficients between volatile compounds and TBARS of cooked 
pork sausage prepared with different fat sources and packaging conditions 
Volatile 
Compounds 
Lard Com oil Flaxseed oil 
Vacuum Aerobic Vacuum Aerobic Vacuum Aerobic 
1-Pentane, hexane 0.05 0.88** -0.04 -0.04 0.20 0.51 
1-Heptene -0.04 0.15 -0.11 0.16 0.53 0.13 
Propanal -0.17 0.82** 0.12 0.86** 0.19 0.89** 
2-Propanone -0.20 0.46 -0.00 0.20 0.51 0.20 
1-Nonene -0.07 0.15 -0.16 0.04 0.59 -0.14 
Pentanal 0.32 0.57 0.06 0.84* 0.09 0.19 
2-Methylpentanal 0.07 0.43 -0.04 0.50 0.07 -0.48 
2-Pentanone 0.02 0.31 -0.20 0.38 0.16 -0.24 
Sec-butanol 0.04 0.48 -0.12 0.38 0.08 -0.53 
Hexanal 0.35 0.89** 0.39 0.94** -0.17 0.90** 
3-Heptanol 0.24 0.91** 0.22 0.93** -0.17 0.88** 
1-Pentanol 0.07 0.91** 0.49 0.96** -0.23 0.93** 
Cyclohexanone -0.01 0.71* 0.02 0.74* -0.14 0.79** 
1-Hexanol -0.01 0.71* 0.02 0.70* -0.13 0.80* 
Nonanal 0.41 0.56 -0.30 0.60 -0.23 -0.06 
1-Heptanol 0.33 0.86** 0.21 0.90** -0.09 0.88** 
Total volatile compounds 0.13 0.80* -0.13 0.82** 0.47 0.79* 
*Significant at P<0.01; **Significant at P<0.001. 
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CHAPTER 6. PRODUCTION OF VOLATILE COMPOUNDS FROM IRRADIATED 
OIL EMULSION CONTAINING AMINO ACIDS OR PROTEINS^ 
A paper to be submitted to the Journal of Food Science 
C. Jo^ and D. U. Ahn^ 
ABSTRACT 
Oil emulsions containing amino acids, glutathione, bovine serum albumin, gelatin, or 
myofibrillar proteins were prepared. The emulsions were irradiated at the 0, 2.5, 5.0, or 10.0 
kGy absorbed dose and analyzed for volatile compounds. Irradiation increased the production 
of aldehydes (e.g. hexanal, heptanal, octanal, and nonanal) indicating that lipid oxidation of 
oil emulsion was accelerated by irradiation. Irradiation produced new volatile compounds 
from oil emulsions containing leucine, valine, isoleucine, phenylalanine, methionine, or 
cysteine by radiolytic degradations. This indicated that both radiolysis of proteins and lipid 
oxidation were important for off-odor generation in irradiated meat. However, the generation 
of new volatile compounds by irradiation suggested that radiolytic degradation of proteins 
'journal paper No. J - 18457 of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, Iowa. Project No. 3322, supported by the National Pork Producers Council 
and Iowa State University Research Grants. 
Primary author and researcher 
^Author for correspondence 
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was more important than lipid oxidation on the ofif-odor production in irradiated meat. 
Key words: volatile compounds, irradiation, off-odor, radiolytic degradation, lipid 
oxidation 
INTRODUCTION 
The estimated aimual cost of himian illness caused by food-bome pathogens ranges 
from $5.6 billion to $9.4 billion (Buzby and Roberts, 1995). Irradiation is among the best 
methods for controlling pathogenic bacteria in raw meat, and low dose (<7 kGy) irradiation 
is permitted for use in poultry and red meats to control pathogenic bacteria. However, 
irradiation produces a characteristic aroma as well as other significant alterations in meat 
flavor that significantly impact consumer acceptance. 
Huber et al. (1953) reported that meat sterilized through irradiation developed a 
characteristic odor, which has been described as "metallic," "sulfide, "wet dog," "wet grain," 
or "burnt." These investigators assumed that the off-odor was the result of free radical 
oxidation initiated by the irradiation process. Merritt et al. (1978) postulated that carbonyls 
are formed in irradiated meats due to the reactions of hydrocarbon radicals with molecular 
oxygen, which follows the same pathway as normal lipid oxidation. Hansen et al. (1987) 
reported that the amount of octane, 1-octene, hexanal, and nonane in irradiated chicken 
increased with the irradiation dose, but the volatile compounds were not unique products of 
irradiation. Gas chromatographic separation and odor evaluation of volatile compounds 
indicated that most sulfur and carbonyl compounds had low odor thresholds and were 
considered important to irradiation odor (Angellini et al., 1975). Batzer and Doty (1955) 
found that methyl mercaptan and hydrogen stilfide were important to irradiation odor, and the 
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precursors of the undesirable odor compounds in irradiated meat were sulfur-containing 
compounds that were water soluble. These results suggest that sulfur-containing compounds 
could be the major volatile components responsible for irradiation odor in meat. 
Ahn et al. (1999a) suggested that the volatile compounds responsible for off-odor in 
irradiated meat are produced by the impact of radiation on protein and lipid molecules, and 
are distinctly different from those of lipid oxidation. Recent findings in this area (Patterson 
and Stevenson, 1995) support and extend this concept. These investigators studied odor 
volatile compounds in irradiated chicken meat and found that dimethyltrisulfide is the most 
potent off-odor compound, followed by cis-3- and /ra«5'-6-nonenaIs, oct-l-en-3-one and 
bis(methylthio-)methane. This study also provided evidence to support the concept that the 
changes that occur following irradiation are distinctly different from those of warmed-over 
flavor in oxidized meat. Heath et al. (1990) reported that irradiating uncooked chicken breast 
and leg at 2 or 3 kGy produced a "hot fat," "burned oil," or "burned feathers" odor that 
remained after the thighs were cooked. Hashim et al. (1995) reported that irradiating 
uncooked chicken breast and thigh produced a characteristic "bloody and sweet" aroma that 
remained after the thighs were cooked, but was not detectable after the breasts were cooked. 
Ahn et al. (1999b) reported that panelists detected irradiation odor from irradiated pork loin 
and described it as a "barbecued com-Iike" odor. However, the panelists showed no objection 
to the odor. 
Although some evidence indicated that radiolytic products of protein components 
were more important than lipid oxidation in the production of irradiation odor in meat, the 
precise mechanisms by which off-odor is produced are unknown. Substantial differences 
between the radiation chemistry of food components in model systems and complex food 
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systems exist, but the differences are mostly quantitative rather than qualitative. This fact 
indicates that off-odor production by irradiation is likely influenced not only by meat 
composition but also by potential chemical interactions among volatile components. 
However, this cannot be established without pursuing mechanistic studies using both model 
and meat systems. 
Radiolysis and lipid oxidation are the two major possible reaction mechanisms by 
which volatile compounds could be generated from meat. However, the irradiation dose-
dependent generation of hydroxyl radicals and its mechanism on the off-odor production and 
the initiation of lipid oxidation in biological systems are more suggestive than conclusive. 
Also, the exact nature and identity of the volatile compounds that contribute to irradiation-
induced off-odor are not known. Since animal tissues are composed of three major 
components - proteins, lipids, and water - volatile compounds from model systems prepared 
with the basic elements of meat will allow us to define the substrates and elucidate the 
mechanisms of off-odor production in irradiated meat. 
The objectives of this research were to elucidate the distinction between volatile 
compounds related to oxidized flavor and irradiation odor, and to understand the mechanisms 
of off-odor production in irradiated meat at the chemical basis. 
MATERIALS AND METHODS 
Sample preparation 
Oil emulsions were prepared by blending soybean oil (2 mL, Preferred Products, Inc., 
Eden Prairie, MN 55334), cholesterol (5%, v/v), and Triton X-100 (50 jiL) with 200 mL 
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maleate buffer (50 mM, pH 5.8). Amino acid (50 mM), glutathione (25 mM), or protein was 
added in the buffer before blending with a Waring blender for 2 min at high speed. Amino 
acids used include the aliphatic side chain group (leucine, isoleucine, valine, glycine, alanine 
and proline), the hydroxyl side chain group (threonine and serine), the basic side chain group 
(histidine, arginine and lysine), the acidic side chain group (asparate and glutamate), the 
amide side chain group (glutamine and asparagine), the aromatic side chain group (tyrosine, 
tryptophane and phenylalanine), and the sulfur-containing side chain groups (methionine, 
cysteine and cystine). Proteins used include bovine serum albumin (BSA, 5%, w/v), gelatin 
(2%, w/v), and myofibrillar proteins (MFP, 20%, w/v). 
Myofibrillar proteins were obtained using the following procedure: ground pork 
muscle was homogenized with a solution [100 mM KCl, 20 mM potassium phosphate (pH 
6.8), 2 mM MgCla, 2 mM EGTA and 1 mM NaNs (standard salt solution)] for 10 sec in a 
Waring Blender and centrifuged at 1,500 x g- for 10 min. The sediment was suspended in 8 
volumes (v/w) of standard salt solution and homogenized in the blender for another 10 sec. 
The homogenate was filtered through a household nylon net strainer, and the filtrate was 
centrifuged at 1,500 x g* for 10 min. The sediment was resuspended in 8 volumes (v/w) of 
100 mM KCl, homogenized for 10 sec in the blender, and centrifuged at 1,500 x g. The 
sediment was used as a myofibrillar protein for this study. 
A 10-mL portion of oil emulsion was transferred to 40-mL sample vials, irradiated at the 0, 
2.5, 5.0, or 10.0 kOy absorbed dose (dose rate was 86 kOy/min), and analyzed for volatile 
compounds. Samples were stored in a 4°C-refiigerator until analyzed. 
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Volatile compounds analysis 
A Precept II and Purge-and-Trap concentrator 3000 (Tekmar-Dohrmann, Cincinnati, 
OH) were used to purge and trap volatile compounds as described by Ahn et al. (1998), with 
modifications. A gas chromatography (GC, Model 6890, Hewlett Packard Co., Wilmington, 
DE) equipped with a mass selective detector (MSD, Model 5973, Hewlett Packard Co., 
Wilmington, DE) was used to qualify and quantify the volatile compounds. Sample (2 mL) 
was transferred to a 40-mL sample vial, and headspace was flushed with helium gas 
(99.999% purity) for 5 sec to minimize oxidation during the waiting period before analysis. 
Sample was purged with helium (40 mL/min) for 14 min at 40°C. Volatile compounds were 
trapped using a Tenax/silica/charcoal column (Tekmar-Dohrmann, Cincinnati, OH) and 
desorbed for 1 min at 220°C. The temperature of transfer lines was maintained at 135°C. A 
modified column was used to improve separation of volatile compounds. An HP-Wax (7 m, 
250 (im i.d., 0.25 |j.m nominal) column was combined with an HP-5 column (30 m, 250 |am 
i.d., 0.25 ^m nominal) using a Glass Press-fit Connector (Hewlett Packard Co., Wilmington, 
DE). A split inlet (split ratio, 49:1, inlet temperature 180°C) was used to inject volatile 
compounds into the column and a ramped oven temperature was used (7°C for 2.5 min, 
increased to 25°C @3°C/niin, to 105°C @8°C/min, to 200°C @30°C/min, and held for 0.33 
min). Liquid nitrogen was used to cool the oven below the ambient temperature. Helium was 
the carrier gas at a constant flow of 1.2 mL/min. The ionization potential of MS was 70 eV; 
the scan range was 46.1 to 550 m/z, and the scan velocity was 2.94 scan/sec. The 
identification of volatile compounds was achieved by comparing mass spectral data with 
those of the Wiley library (Hewlett Packard Co., Wilmington, DE). The peak area (total ion 
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counts x 10^) was reported as the amount of volatile compoxmds released. The peak area that 
less than 20,000 was discarded and was considered as no production. 
Statistical analysis 
The experiment was designed to investigate the difference in volatile profiles and 
volatile contents from oil emulsion containing different amino acids or proteins. Four 
replications were conducted. Analysis of Variance was conducted to determine any 
difference by using the SAS program (SAS, 1989). Mean values were compared by Student-
Newman-Keul's multiple range test (Steel and Torrie, 1980), and mean values and standard 
errors of the mean (SEM) were reported. 
RESULTS AND DISCUSSION 
Irradiated oil emulsions produced larger number of volatile compounds than 
nonirradiated controls regardless of compounds added in oil emulsions (Tables 1-4). More 
volatile compounds than those listed in the tables were produced by irradiation, but the 
amounts of some volatile compounds were negligible or inconsistent. Chloroform was 
produced from all samples, but the amount was not influenced by irradiation dose. 
Previous reports (Kanatt et al., 1998; Jo et al., 1999; Jo and Ahn, 1999) indicated that 
irradiation increased lipid oxidation as measured by 2-thiobarbituric acid reactive substances 
(TEARS) and/or carbonyl content. Jo et al. (1999) reported that lipid oxidation-dependent 
volatile compounds, such as aldehydes, ketones, and alcohols, were not influenced by 
irradiation at day 0 but were increased during 7-day storage in aerobic conditions. Several 
aldehydes quantified and listed in Tables 1-4 were produced only in irradiated samples. The 
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amounts of 1-heptene and 1-nonene produced by irradiation were dose-dependent as reported 
previously (Ahn et al., 1999a; Jo et al., 1999). However, 1-heptene was produced only in 
irradiated oil emulsion containing no amino acid, isoleucine, valine, or glutathione (Tables 1 
and 4) because of differences in the column and method used for the present study. 1,1-
Oxybis ethane was one of the major compounds produced from irradiated oil emulsion 
containing aliphatic, hydroxyl, basic side chain group amino acids, and myofibrillar protein 
(Tables 1-4). The 2-methyI-l-propene, 2,2,6,6-tetramethyIheptane, and 2,2,4-trimethyl-l-
pentane were found in almost all samples, but the effect of irradiation was not significant. 
Isobutylaldehyde and 3-methylbutanal were produced in irradiated oil emulsion 
containing leucine, and the amounts of these compounds increased in a dose-dependent 
manner up to 10 kGy (Table 5). The irradiation dose-dependent production of 2-
methylbutanal from oil emulsion containing isoleucine suggests the deamination and 
decarboxylation of isoleucine by irradiation. Diehl (1995) explained that deamination and 
decarboxylation are the primary reactions of free radicals by irradiation in aliphatic amino 
acid. He also indicated that deamination plays a greater role than decarboxylation in 
irradiated alanine. Valine, which has a similar structure to leucine, produced 
isobutylaldehyde as leucine but the production rate was much higher than that of leucine, 
indicating that deamination and decarboxylation were major reactions of radiolysis (Table 5). 
Among the amino acids with aromatic side chains, phenylalanine produced benzaldehyde and 
benzene acetaldehyde upon irradiation. Phenylalanine readily reacts with the transient 
species of water radiolysis and induces hydroxylation of the aromatic ring as the principal 
reaction (Diehl, 1995). Therefore, o-, m-, and /7-tyrosine can be formed by irradiation and 
subsequent oxidation converts these to various isomers of dihydroxyphenylalanine. Simic 
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(1983) explained that the reactions of electron adducts to aromatic residues would give 
hydrogenated derivatives, thus benzene rings can be converted to cyclohexadiene derivatives. 
The determination of o-tyrosine is one of the methods used to detect irradiated food (Meier et 
al., 1996). Other aromatic amino acids (tyrosine, tryptophane and histidine) were also known 
as irradiation-sensitive, but no characteristic volatile compounds were found in this study. 
Sulflir-containing amino acids (cysteine, cystine and methionine) react with free 
radicals more easily than aliphatic amino acids. Electron reaction with sulfhydryl derivatives 
leads to formation of H2S and is of considerable concern in irradiation technology due to its 
impleasant odor (Simic, 1983). However, H2S was not detected in this study because the 
molecular scan range used was 46.1 to 550. The volatile compounds detected in oil emulsion 
containing cysteine were carbon oxide disulfide and carbon disulfide (Table 5). Simic (1983) 
reported that aqueous electrons (e"aq) generated by irradiation exclusively attack -SH and not 
the group of cysteine, and induce y-radiolysis. It was also assumed that cysteine 
underwent dimerization reaction to form cystine as suggested by others (Simic, 1983; Diehl, 
1995). In contrast to cysteine, cystine produced carbon disulfide from nonirradiated oil 
emulsion but carbon disulfide was not found in irradiated oil emulsions (Table 5). The 
carbon oxide sulfide was also produced from the irradiated oil emulsion containing 
glutathione due probably to cysteine in the structure. The amount of carbon oxide sulfide 
from glutathione was much smaller than that from cysteine, and probably the cysteine present 
as part of a peptide is less susceptible to free radical reaction (Diehl, 1995). 
Four new sulfiir-containing compounds were created by irradiation from oil emulsion 
containing methionine (Table 5). These compounds have been suggested as the main ofif-
odor generators (Schweigert et al., 1954; Patterson and Stevenson, 1995). This indicated that 
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the major source of ofiF-odor production in irradiated meat could be sulfur-containing amino 
acids via the radiolytic degradation of their side chains. Interestingly, 2-propenal, which 
generates aggressive odor, was also produced by irradiation in a dose-dependent manner. 
Probably 2-propenal was produced by splitting of the -SCH3 group followed by deamination 
and decarboxylation from methionine. However, Simic (1983) pointed out that the 
dimethylthio-group (-C-S-C-) has a low reactivity with aqueous electrons (e'aq). Therefore, 
methionine would undergo chemical reaction more likely with secondary reaction substances 
such as hydroxyl radicals from water radiolysis. 
Bovine serum albumin (BSA), gelatin, and myofibrillar protein produced many 
benzene-containing compounds, but irradiation at the 2.5-kGy dose could not create these 
products except for benzaldehyde from BSA (Table 5). Again, the rigid spatial structure of 
protein molecules, which increased the resistance of amino acids in polj^eptides to radiolytic 
degradation more than any singular amino acid, protected amino acid side chains from 
radioIj^c degradation. Diehl (1995) reported that radicals formed by irradiation can be held 
in position and be recombined. Therefore, radiation damage to certain amino acids in 
proteins is quite limited, and the proteins tested may not be affected at low dose irradiation 
(<2.5 kGy). WHO (1994) reported that little changes in amino acid composition were 
observed at doses below 50 kGy. Bachman et al. (1973) reported that free radical yield 
measured by electron spin resonance (ESR) spectroscopy was increased by irradiation but 
there were no changes in organoleptic characteristics and chemiced composition in gelatin 
irradiated at the 5-kGy dose. Oil emulsion containing myofibrillar protein produced 3-
methylbutanal and 2-methylbutanal, but the amounts of these compovmds were not 
influenced by irradiation doses between 0 and 10 kGy. 
123 
Ahn et al. (1998) and Shahidi and Pegg (1994) reported that hexanal is the most 
sensitive indicator for lipid oxidation and flavor deterioration in meat products. Irradiation 
significantly increased the amoimt of hexanal in oil emulsion containing different compounds 
(Table 6). The result indicated that lipid oxidation was accelerated by irradiation. Irradiation-
induced oxidative chemical changes were dose-dependent and the presence of oxygen had a 
significant effect on the rate of lipid oxidation. Other aldehydes such as propanal, heptanal, 
octanal, and nonanal were also produced but the trends were similar to that of the hexanal 
(data not shown, p<0.05). Ang and Lyon (1990) reported that hexanal and pentanal had a 
very strong correlation with TEARS and off-odor related to lipid oxidation in meat. 
CONCLUSION 
The cumulated evidence and present results suggest that the radiolytic products of 
proteins and lipids are the major sources of off-odor in irradiated meat. Volatile compounds 
produced by lipid oxidation during and after irradiation in the presence of oxygen also could 
contribute to the development of off-odor in irradiated meat. Irradiation produced significant 
amounts of volatile compounds not found in nonirradiated oil emulsion containing aliphatic 
side chains and sulfur-containing amino acids indicating that these compounds are closely 
related to off-odor generation in irradiated meat. To identify the major volatile compounds 
responsible for irradiation off-odor, information on the odor characteristic of individual 
volatile compounds found from radiolysis of amino acids is necessary. Once the origin of 
off-odor volatile compotmds in irradiated meat is identified, methods that can prevent or 
reduce the off-odor can be established. 
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Table 1 — Major volatile compounds found in irradiated oil emulsion containing none or 
aliphatic group amino acids. 
None Leu He Val Gly Ala Pro 
Volatile compounds N I N I N I N I N I N I N I 
1,1-Oxybis ethane X X X X X X X X X X 
2-Propanone X X X 
Hexane X X X X X X X X X 
Isobutylaldehyde X X 
1-Heptene X X X 
3 -Methy Ibutanal X 
2-Methylbutanal X 
Chloroform X X X X X X X X X X X X X X 
Hexanal X X X X X X X X 
Heptanal X X X X X X X X X X X 
Octanal X X X X 
Nonanal X X X X X X X X X X 
2-Methyl-1 -propene X X X X X X X X X X X X X 
2,2,6,6-T etramethy Iheptane X X X X X X X X X X X X X 
2,2,4-Trimethyl-1 -pentane X X X X X X X X X X X X 
N, nonirradiated; I, irradiated. 
Abbreviations: Leu, Leucine; He, iosleucine; Val, valine; Gly, glycine, Ala, alanine; Pro, 
proline. 
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Table 2 - Major volatile compounds found in irradiated oil emulsion containing basic, 
acidic, or amide side chain group amino acids. 
His Arg Lys Asp Glu Asn Gin 
Volatile compounds N I N I N I N I N I N I N I 
1,1-oxybis ethane X X 
Chloroform X X X X X X X X X X X X X X 
Hexanal X X X X X X X X 
Nonanal X X X X X X 
2-Methyl-1 -propene X X X X X X X X X X X X X 
2,2,6,6-tetramethylheptane X X X X X X X X X X X X X 
2,2,4-trimethyl-1 -pentane X X X X X X X X X X X X 
N : unirradiated; I: irradiated. 
Abbreviations: His, histidine; Arg, arginine; Lys, lysine; Asp, aspartic acid; Glu, glutamic 
acid; Asn, asparagine; Gin, glutamine. 
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Table 3 — Major volatile compounds found in irradiated oil emulsion containing aromatic or 
hydroxyl side chain group amino acids. 
Tyr Trg Phe Thr Ser 
Volatile compounds N I N I N I N I N I 
1,1-oxybis ethane X X X 
Propanal X 
2-propanone X 
Chloroform X X X X X X X X X X 
Benzaldehyde X 
B enzenacetaldehy de X 
Hexanal X X X X X X X X X 
Nonanal X X X X X X 
2-Methyl-1 -propene X X X X X X X X 
2,2,6,6-tetramethylheptane X X X X 
2,2,4-trimethyl-1 -pentane X X X X 
N : unirradiated; I: irradiated. 
Abbreviations: Tyr, tyrosine; Trp, tryptophane; Phe, phenylalanine; Thr, threonine; Ser, 
serine. 
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Table 4 — Major volatile compounds found in irradiated oil emulsion containing sulfur-
containing amino acids, glutathione (GSH), bovine serum albumin (BSA), gelatin, or 
myofibrillar protein (MFP). 
Volatile compounds 
Met Cys Cystine GSH BSA Gelatin MFP 
N I N I N I N I N I N I N I 
Pentane X X X X 
Carbon oxide disulfide X X 
Methanthiol X 
1,1-oxybis ethane X X 
3 -Methy Ibutanal X X 
2-Methylbutanal X X 
Methylbenzene X X 
Carbon disulfide X X 
2-propenal X 
1-heptene X 
Chloroform X X X X X X X X X X X X X X 
Dimethyldisulfide X 
Benzaldehyde X X X 
Hexanal X X X X X X X X X 
Ethylbenzene X X 
T rimethy Idisulfide X 
3 -methy Ithiopropenal X 
Nonanal X X X X X X X X 
2-Methy 1-1 -propene X X X X X X 
2,2,6,6-tetramethylheptane X X X 
2,2,4-trimethyl-1 -pentane X X X 
N : unirradiated; I: irradiated. 
Abbreviations: Met, methionine; Cys, cysteine; GSH, glutathione; BSA, bovine serum 
albumin; MFP, myofibrillar protein. 
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Table 5 - Amounts of characteristic volatile compounds in irradiated oil emulsion containing 
amino acids or proteins. 
Amino acid Volatile Irradiation dose (kGy) 
or proteins compounds 0 2.5 5.0 10.0 SEM' 
— total ion counts x lO"* — 
Leucine 
Isobutylaldehyde 200" 240" 1100^ 54 
3 -Methy Ibutanal O'' 9000'' 22000" 47000^ 2573 
Isoleucine 
Butanal o'' SO^'' 170^ 160^ 36 
2-Methylbutanal 21000*= 40000" 73000^ 1390 
Valine 
Isobutylaldehyde o" 5700"= 
o
 
o
 
o
 
t—1 19000^ 520 
Phenylalanine 
Benzadlehyde o" 220*= 280" 390^ 17 
Benzene acetaldehyde o'' 1800"= 4100" 8000^ 754 
Methionine 
Methanthiol 0^ 3600'= 6000" 24000^ 502 
2-propenal 0^= 400'= 2500" 6200® 222 
Dimethyldisulfide o" 7000*= 14000" 27000® 645 
Trimethy Idisulfide 0'' 30"= 270" 430® 11 
3 -methy Ithiopropenal 0*= 1300*"= 3300" 9400® 668 
Cysteine 
Carbonoxide disulfide o'' O'' 20" 150® 13 
Carbon disulfide 380= 1100" 1500® 101 
Cystine 
Carbon disulfide 750^ 0*' o" o" 27 
Glutathione 
Carbonoxide disulfide 0" 0*" 70" 260® 39 
Bovine serum 
alubmin Methylbenzene o'' o'' 130^ 140® 22 
Ethenylbenzene o" O'' 130^ 150® 24 
Benzaldehyde 0^= 40" 100^ 120® 13 
Gelatin 
150^" Benzjildehyde o'' o" 280® 44 
Myofibrillar protein 
Methylbenzene o" o" 210^ 230® 38 
Ethenylbenzene o" o" 210^ 200® 40 
^ Means with different superscripts in the same rowf differ significantly (p<0.05). 
^Standard errors of the mean among different irradiation doses (n = 16). 
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Table 6 — Amount of hexanal produced from oil emulsion containing different amino acids, 
glutathione, bovine serum albumin, and gelatin. 
Amino acids or Irradiation Dose (kGy) 
proteins 0 2^5 5^0 10.0 SEM' 
total ion counts x 10^ 
None O'' 480^= 1090" 1680^ 123.3 
Isoleucine o'' o" 110" 410^ 31.3 
Threonine 280'' 720^ 760" 920® 82.1 
Serine 0'= 520" 590" 920' 34.1 
Histidine o'' 
O
 
00 o
 940^ 810' 101.9 
Lysine o'' 570"= 680" 920' 26.7 
Aspartic acid 0'' 860" 820" 1240' 37.9 
Glutamic acid 0= 670" 720" 860' 21.9 
Asparagine 140"= 730" 680" 990' 74.9 
Glutamine 0"^ 580" 740" 970' 38.8 
Tyrosine 230" 800^ 1190^ 1340' 195.0 
Methionine O'' 190"= 300" 460' 18.2 
Cystine o" 740"= 930" 1050' 28.7 
Glutathione o" 350" 1100^ 1510' 139.2 
Bovine serum albumin 580" 1360^ 1230^ 1700' 192.6 
Gelatin 500" 230" 680" 1180' 148.1 
^'^Means with different superscripts in the same row differ significantly (p<0.05). 
^Standard errors of the mean among different irradiation doses (n = 16). 
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GENERAL SUMMARY 
Irradiation increased lipid oxidation of raw pork batters and cooked pork sausages as 
measured by TEARS. However, the difference disappeared during 7-day storage with both 
vacuum and aerobic-packaging. Higher fat content produced higher TEARS regardless 
storage, irradiation, or packaging types. Although the composition of fatty acids in sausage 
was highly imsaturated, the antioxidant present in the sausage prevented the development of 
lipid oxidation. Irradiated raw pork batters produced higher amounts of cholesterol and lipid 
oxidation products than nonirradiated control, and the major cholesterol oxides formed by 
irradiation were 7a- and 7p-hydroxycholesterol. 
Aerobic-packaged raw pork batter and cooked pork sausage reduced color a- and b-
values after irradiation and changed meat color to brown. However, vacuum-packaged raw 
pork batter and cooked pork sausage were redder than nonirradiated controls during storage. 
Irradiation increased volatile production significantly. Lipid oxidation-dependent 
volatile compounds such as aldehydes, ketones, and alcohols increased dramatically in 
aerobic-packaged raw pork batters and cooked pork sausage during storage. However, 
irradiated, vacuum-packaged samples or aerobic-packaged samples at Day 0 were not 
different from nonirradiated control, suggesting that the contribution of lipid oxidation to the 
off-odor of irradiated meat with aerobic packaging is minor. Irradiation produced small 
molecular weight hydrocarbons such as 1-heptene and 1-nonene, and the amoimts of these 
compounds produced were irradiation dose-dependent. 
Study with an oil emulsion model system indicated that irradiation produced 
characteristic volatile compounds, probably related to irradiation off-odor, from certain 
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amino acids. Sulfur-containing compounds from certain amino acids (e.g. cysteine and 
methionine) were the most suspicious group among the volatile compounds detected. 
However, the radiolytic by-products of other amino acids and lipids, and lipid oxidation by­
products also could have contributed to the irradiation odor. 
More work is needed to investigate exactly what combination of radiolysis by­
products of amino acids and lipids or the lipid oxidation by-products produces a 
characteristic off-odor from irradiated meat by including a sensory evaluation along with 
volatile compoimds analyses. 
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